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 This work describes the preparation of palladium complexes supported by 
aminophosphinite pincer ligands and their reactivity in the presence of electrophilic reagents and 
olefins, respectively. An additional study into the oligomerization and polymerization of 5-
ethylidene-2-norbornene (ENB) by cationic allyl Ni and Pd catalysts is also described. 
 Chapter 2 investigates the challenges particular to palladium in the metalation of 
aminophosphinite pincer ligands. Three aminophosphinte ligands with a methoxy blocking group 
installed ortho to the phosphinite were prepared of varying amine substitution: a macrocycle-
containing 15-aza-crown-5 ether (15c5NMeOCOP-H), an acyclic bis(methoxy)diethylamine 
(MeOEtNMeOCOP-H), and a diethylamine analogue containing no ether donor ligands (EtNMeOCOP-
H). Neutral and cationic complexes of palladium based on these three different ligand scaffolds 
were prepared. Attempts to access PdIV complexes based on the macrocycle-containing 
aminophosphinite scaffold are described, but no PdIV intermediates were isolated or observed. 
 Chapter 3 explores the reactivity of cationic macrocycle-containing [(15c5NMeOCOP)Pd]+ 
and dialkylamine-containing [(EtNMeOCOP)Pd]+ with alkenes. The olefins 2,3-dimethyl-1-butene 
and allylbenzene were observed to be dimerized under catalytic conditions with macrocycle-
containing [(15c5NMeOCOP)Pd]+ and LiBArF4. Only isomerization of 1-hexene was observed 




macrocycle-containing [(15c5NMeOCOP)Pd]+ and dialkylamine-containing [(EtNMeOCOP)Pd]+ is 
described. This work provided the first comparative reactivity studies of macrocycle-containing 
aminophosphinite pincer catalysts and a dialkylamine-containing analogue with no hemilabile 
ether donors. 
 Chapter 4 diverges from the chemistry of pincer-crown ether palladium complexes to 
study the oligomerization and polymerization of ENB by cationic allyl Ni and Pd catalysts. The 
relative activity of these catalysts towards the homopolymerization of ENB is substantially lower 
than towards unsubstituted norbornene (NB) polymerization. Added tertiary phosphine co-
ligands in situ increases both Ni and Pd catalysts activity towards ENB homopolymerization. 
The oligomerization of ENB in the presence of these catalysts and chain transfer agents (CTAs) 
produces a-olefin terminated oligomers. These reactions proceed under mild conditions to 
predictably and selectively prepare ENB oligomers ca. 270 Da to high polymer (ca. 100,000 Da) 
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CHAPTER 1 - INTRODUCTION 
Introduction to Hemilabile Ligands  
Hemilabile ligands are chelating ligand scaffolds that contain at least one strongly 
binding ligand that does not freely dissociate from the metal center, and one or more ligands that 
can reversibly coordinate to the metal center.1–4 The concept of hemilability in coordination 
complexes was first introduced by Jefferey and Rauchfuss in 1979, with their investigation of 
ruthenium complexes supported by phosphinoanisole chelating ligands.5 Jefferey and Rauchfuss 
found that these phosphinoanisole chelating ligands imparted both thermal and oxygen stability 
to the ruthenium complexes, but that the weak ether donor of the phosphinoanisole backbone 
was readily displaced by a variety of ligands, including strong donor ligands such as carbon 
monoxide. While dissociation of strong donor ligands in metal complexes lacking hemilabile 
ligands is often triggered thermally or photolytically,6,7 a key feature of many catalysts 
incorporating hemilabile ligands is that their weak, reversibly coordinated ligands can be readily 






Figure 1.1. Ligand dissociation from metal complexes with and without hemilabile donors. 
  
Hemilabile scaffolds incorporate a host of substitutionally inert and labile ligands, and 
vary in donor number from bidentate chelates, to multidentate scaffolds of three or more 
donors.1,2,8 Geometries of these scaffolds vary widely, from rigid planar structures, to flexible 
scorpionate morphologies. Substitutionally inert counterparts of these scaffolds can be carbon-
based, including alkyl sigma bonds, cyclopentadienyl rings, arenes, and even an alkene in some 
examples.9,10 Other common substitutionally inert moieties on hemilabile ligand backbones are 
nitrogen or phosphorus-containing. Substitutionally labile counterparts within hemilabile 
scaffolds are often harder ligands with respect to hard-soft acid base theory than their 
substitutionally inert counterparts, and are usually oxygen, sulfur, or nitrogen containing.11  
As observed by Rauchfuss and Jefferey,5 one advantage and often invoked motivation to 
install hemilabile ligands in catalytic systems is the stability they provide to metal complexes by 

































cationic metal center upon halide abstraction of the neutral species by filling the empty 
coordination site through coordination of the pendent  and substitutionally labile ligand of the 
scaffold.12 Reversibly coordinated moieties of hemilabile ligands also protect active sites on 
metal centers,13,14 where their reversible coordination to the metal center enables more facile 
displacement in favor of incoming substrate.8 One such example is the Grubbs ruthenium 
metathesis catalyst,15 which employs an ether chelate that is much more readily displaced than 
the PR3 in the parent complex,16 increasing the rate of olefin metathesis and enabling milder 
reaction conditions. Many such complexes utilize this aspect of hemilability, shown in Figure 
1.2, where substitutionally inert ligands of the depicted hemilabile scaffolds are shown in red, 
and the substitutionally labile ligands shown in blue.  
 
 
Figure 1.2. Hemilabile ligand scaffolds with substitutionally inert (red) donors and 
substitutionally labile ether (blue) donors. 
 
While hemilabile ligands are often utilized for protecting active sites on metal centers 
through chelation of the weak donor ligand, these weak donors of hemilabile ligands are not 



















































Substitutionally labile ligands of hemilabile scaffolds are typically Lewis basic sites that can also 
act cooperatively in catalysis. Some of these functions include stabilizing reactive 
intermediates,12,18 promoting bond formation,19,20 or direct activation of a substrate.3 For 
example, substitutionally labile ligands can coordinate to a metal center upon its oxidation,21 
providing electron density and thereby stabililizing a reactive high valent intermediate metal 
center.22,23 Conversely, a hemilabile ligand may also de-chelate from electron-poor metal centers, 
promoting new bond formation via reductive elimination.  Finally, pendent Lewis basic donors 
of hemilabile ligands may participate in chemical steps directly through substrate activation,24 







Figure 1.3. Hemilabile ligands as substrate gates and cooperative actors through complex 
stabilization or substrate activation. 
 
A central goal in this thesis work was to leverage our own hemilabile aminophosphinite 
pincer scaffold towards stabilizing highly reactive intermediates in catalysis, as well as to 
activate substrates in chemical steps. The scope of this introduction aims to note previously 
reported examples demonstrating the specific utility of hemilabile ligands as cooperative actors 














































well as to explore our own ligand scaffold for its potential in this type of cooperative 
hemilability. 
Hemilabile Ligands Stabilizing High-Valent Metal Centers 
Besides reversibly coordinating to the metal center to provide open active sites, the 
substitutionally labile moieties of hemilabile ligands can also participate in chemical 
transformations by stabilizing reactive intermediates in a catalytic cycle. For example, a pendent 
reversibly binding ligand may dissociate from the metal center when it is low valent, or bind to 
the metal center to stabilize high valent species. In this way, preferred geometries of metal 
complexes can be mediated between oxidation states, allowing one multidentate hemilabile 
ligand to accommodate changes in the oxidation state of the metal center.  
 This type of behavior is beautifully displayed in the gold-catalyzed arylation of arenes 
with aryl halides in an AuI/AuIII cycle supported by a P-N chelating ligand, Me-Dalphos (Figure 
1.4).23 In this case, the hemilabile Me-Dalphos ligand plays a seminal role in the stabilization of 
both the AuI and AuIII species, as shown in Figure 1.4. While AuI typically shows a strong 
preference for linear geometries, AuIII species are often unstable unless four-coordinate. In this 
example, the low valent AuI complex is stabilized in a two-coordinate linear geometry with the 
substitutionally inert phosphine of the P-N chelate bound to the metal center. Upon oxidative 
addition of the aryl halide, the resultant AuIII species is stabilized by the coordination of the 
pendent amine of the P-N chelate to achieve a preferred four-coordinate geometry. Direct 
arylation of aryl halides and arenes in the presence of (Me-Dalphos)AuCl and AgSbF6 is 
achieved at room temperature and results in high yields of a diverse range of biaryl products, and 






Figure 1.4. Reversible binding of bidentate P—N hemilabile ligands stabilizes AuI and AuIII 
intermediates in catalysis. 
 
Another similar AuI/III example that utilizes hemilabile ligands to toggle between stable 
two-coordinate AuI and four-coordinate AuIII states involves the hydroarylation of styrenes with 
anilines, Figure 1.5.22 These transformations are achieved in the presence of a gold catalyst 
supported by a hemilabile cyclic(alkyl)(amino)carbene with a pendent imine. As with the case 
with the phosphine Me-Dalphos, the strong carbene donor stabilizes the two-coordinate AuI, 













Hemilabile P-N Chelate Stabilizes AuI and AuIII
 AuI / AuIII Catalysis towards Direct Arylation of Arenes















Figure 1.5. A bidentate carbene hemilabile ligands stabilizes AuI and AuIII intermediates in 
catalysis. 
  
Even the phosphinoanisole hemilabile ligand scaffold described by Jefferey and 
Rauchfuss, which was touted for the thermal and oxidative stability it imparted to their 
ruthenium complexes, was also reported by Shaw and coworkers to have a direct impact on the 
rate of oxidative addition of methyl iodide to phosphinoanisole-supported iridium complexes, 
Figure 1.6.32  
 
 
Figure 1.6. Hemilabile ether donation proposed to increase rates of oxidative addition. 
 
They found that methyl iodide oxidatively added to the iridium complexes supported by 
phosphinoanisole much faster than complexes supported by more basic monodentate tertiary 
phosphines. If only considering the phosphine donor, one might expect the more basic and 
electron-rich monodentate phosphines to donate more electron density to the metal center, 




















































electron-poor phosphinoanisole. However, it was proposed that the pendent ether on the 
phosphinoanisole coordinates to Ir prior to oxidative addition, thereby imparting more electron 
density to the metal center than the more basic monodentate phosphine ligands.   
Stabilization of reactive or high valent intermediates is not limited to bidentate scaffolds,  
however. Several metal complexes featuring tridentate scorpionate ligand scaffolds are also 
stabilized in a similar fashion, particularly palladium and platinum complexes, with some of the 
classic platinum examples from the Templeton lab featuring hydridotris(3,5-dimethylpyrazolyl)- 
borate) ligands (Tp’), Figure 1.7.33–35 These hemilabile Tp’Pt systems can toggle between k2 and 
k3 binding modes, where the k3 binding mode stabilizes the high valent Tp’PtIV species.35 
Thermolysis or the presence of Lewis acidic boranes is proposed to weaken the PtIV-N bonds, 
allowing the dissociation of one of the pyrazolyl rings of the Tp’ ligand. From this coordinatively 
unsaturated k2 species, aryl migration to the bound olefin is proposed. Re-coordination of the 
pyrazolyl ring to bring the Tp’ ligand back to its k3 state then stabilizes the final Tp’PtIV hydride.    
Frauhiger and Templeton also showed that modification of this hemilabile scorpionate 
ligand motif to include much weaker pyrazolyl ring donation from a “click” triazole allows for 
even more facile interconversion between k2 and k3 states at much milder temperatures than the 
Tp’-supported complexes. The relatively low barrier of interconversion relative to the more 
strongly donating Tp’ ligand allows for the formation of the reactive PtII intermediate from 






Figure 1.7. Hemilabile k2 Tp’ promotes aryl migration and k3 Tp’ stabilizes PtIV. 
 
Cyclic ethers and thioethers can also provide excellent stability to metal complexes 
changing oxidation state by interconverting through k2 and k3 coordination modes. An excellent 
example of a hemilabile thioether ligand stablilizing high-valent PdIV comes from a report by 
Willis et. al. presented in Figure 1.8.36 Upon the oxidative addition of methyl iodide, this six-
coordinate thioether-supported complex was resistant to both reductive coupling of the methyl 
ligands to form ethane and to iodide coordination.  
 
 
Figure 1.8. A macrocyclic hemilabile cyclic thioether stabilizes PdIV oxidation state upon the 
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Hemilability and Internal Bases 
 Hemilabile ligands are not limited to only mediating oxidation states in metal complexes. 
They can also participate cooperatively in chemical steps by activating substrates, such as 
serving as an internal base towards substrate deprotonation.  
For example, in octahedral iron complexes supported by three chelating and hemilabile 
bis(diphenylphosphino)amine ligands, the bridging phosphinoamines promote H2 activation by 
accepting a proton of hydrogen, while the iron center formally accepts a hydride. Under higher 
pressures of hydrogen, two molecules of dihydrogen are activated at the iron center, assisted by 
deprotonation at the pendent amines to form the iron dihydride, resulting in the dissociation of an 
equivalent of the protonated phosphinoamine and the iron dihydride supported by two chelating 
and protonated phosphinoamines, Figure 1.9.31  
 
 
Figure 1.9. Hemilabile ligand cooperation of a bridging phosphinoamine ligand assists hydrogen 
activation at Fe.  
 
Hemilabile ligands can act as an internal base and also provide stability to catalytic 
intermediates through coordination of its substitutionally labile ligands. One such example is a 

























































for the methoxycarbonylation of alkenes, Figure 1.10.28,37 In this study, Dong and coworkers 
showed experimentally and computationally that the pendent pyridyl moieties of the Pd catalyst 
both reversibly bind to stabilize the catalytic intermediate Pd acyl species, and also act as an 
internal base to deprotonate methanol prior to the methanolysis of the Pd-acyl, which was 
determined to be the rate determining step. Notably, this work utilizes a hemilabile ligand as 
both a stabilizer of highly reactive intermediates, and as an internal base to facilitate 
methanolysis of the Pd-acyl.   
  
 





























































Pincer Crown Ether Complexes 
Inspired by the wide utility of hemilabile ligands within organometallic transformations, 
we sought to explore this utility within our own pincer crown ether hemilabile scaffold, shown in 
Figure 1.11. Macrocycles containing weak donor ligands, such as crown ethers, are suitable 
targets to incorporate into ligand scaffolds and impart hemilability, where their denticity to the 
metal center can be modulated through non-covalent interactions with the addition Lewis acidic 
cations.38–40 Prior to the work reported herein, our group had reported the synthesis of this 
macrocycle-containing hemilabile scaffold on iridium, shown in Figure 1.11. It was found that in 
the binding of the pendent macrocycle to the Ir center could be modulated between k3 to k5 
coordination modes. This phenomenon was found to impart the ability to tune the rates of 
catalysis of isomerization41 and hydrogen activation in the presence of Lewis acidic cations 
(Figure 1.11),38 as well as trigger substrate binding39 and influence activity towards methanol 
carbonylation.42  
 
Figure 1.11. Allosteric control of hemilabile macrocycle binding. HD exchange promoted in the 
presence of Lewis acidic cations. 
 
As cited earlier and described in the chemistry of Dong and coworkers, hemilabile 
ligands can serve dual purposes in catalytic reactions—stabilizing reactive intermediates and 




our pincer ligand scaffold’s controllable denticity in a similar manner.  One could imagine both 
the stabilization of high valent and highly reactive metal centers through donation of the pendent 
macrocycle upon oxidation, as well as possibly leveraging the potential hemilability of the 
pendent amine arm itself as an internal base in catalytic transformations. Since the denticity of 
our pincer ligand scaffold on Ir and Ni complexes had been shown to be modulated in the 
presence of cations in solution, one could also imagine utilizing the “switchability” of our 
catalyst systems to study fundamental reactions such as reductive elimination, by stabilizing the 
products of oxidative addition through macrocycle ether donation, and triggering reductive 
elimination through the addition of cations in solution, Figure 1.12. 
 
Figure 1.12. Hemilability of pincer crown ether ligand scaffold to stabilize high valent 
intermediates and serve as an internal base. 
 
This Work 
We chose to focus our study on the preparation of new macrocycle-containing pincer 
complexes based on palladium to explore our ligand scaffold’s potential in reactive intermediate 
stabilization, and in internal base-assisted catalysis. A rich history of high-value palladium 
catalyzed reactions,43–45 along with a growing field in the study of high valent PdIV intermediates 
in cross-coupling reactions,46–48 seemed apropos for our ligand scaffold. Additionally, 


































complexes,49 along with precedence of intramolecular base-assisted Pd catalyzed reactions,27,50–
53 added further applications that we could envision with tunable Pd pincer crown ether catalysts.  
Chapter 2 describes the synthesis of these novel aminophosphinite pincer palladium 
complexes, detailing the challenges and considerations in their preparation, as well as their 
preliminary reactivity with oxidants. Palladium pincer complexes of three different 
aminophosphinte ligand scaffolds of the form (NCOP)Pd(X) (where X = Cl, Br, I, OAc, and 
CF3) were prepared, along with their cationic analogues.  
The three different aminophsophinite ligand scaffolds varied in their amine substitution, 
where the aza-15-crown-5 ether, bis(methoxy)diethylamine, and diethylamine analogs were 
prepared. Of note, preparation of the diethylamine analogue of the [k3-(15c5NCOP)Ir(H)]+ 
complex was inaccessible prior to this work. It was found that the installation of a methoxy 
group on the phenyl backbone of the aminophosphinite pincer ligand was essential for ensuring 
tridentate NCOP pincer Pd metalation, as well as to prevent activation of the phenyl backbone of 
the pincer ortho to the phosphinite. A screen of preliminary reactivity of (15c5NMeOCOP)Pd(X) 
complexes with electrophilic R+ reagents did not generate PdIV species. Either no reactivity is 
observed, or partial halide abstraction towards the formation of a mono-halide bridging Pd 
dimers is observed.  
Chapter 3 pivots to explore the reactivity of two cationic palladium complexes with 
olefins, as a comparative study to interrogate the role of hemilabile ligands and their interactions 
with external lithium salt additives. The isomerization of 1-hexene by palladium supported by 
15-aza-crown-5 ether and diethylamine-substituted aminophosphinite pincer ligand scaffolds is 
explored. These complexes display markedly different reactivity with olefins than our group’s 




are highly substituted or contain acidic allylic protons is observed, while clean isomerization 
without subsequent dimerization is observed in the presence of linear 1-hexene.  
Interestingly, the activity of [(15c5NMeOCOP)Pd]+ towards isomerization is increased in the 
presence of Li+, whereas the activity of [(EtNMeOCOP)Pd]+ is hindered in the presence of Li+. We 
propose that this chemistry is proceeding through a p-allyl mechanism, necessitating the 
dissociation of the pendent amine to deprotonate substrate and form the Pd-allyl. 
Chapter 4 diverges from the chemistry of pincer crown ether palladium complexes and 
hemilability altogether for a detailed study on the polymerization and oligomerization of 5-
ethylidene2-norbornene (ENB) by “activatorless” Pd and Ni catalysts. These catalysts are capped 
with labile mesitylene ligands that are readily displaced in solution by monomer or phosphine 
co-ligands.54,55 Polymerizations in the presence of terminal olefin chain transfer agents are 
explored with and without added phosphine co-ligands. Both the activity of these catalysts and 
their product distribution are determined by the added phosphine co-ligand and chain transfer 
agent in solution.  
Notably, both Pd and Ni catalysts suffer from low activity in the homopolymerization of 
ENB without any added co-ligand or chain transfer agent, relative to the polymerization of 
unsubstituted norbornene. The addition of co-ligand phosphines dramatically improves the 
reactivity of both Pd and Ni catalysts towards ENB homopolymerization. The addition of the 
chain transfer agent 1-hexene is tolerated by both systems, and modulates the molecular weight 
of the product polymers and oligomers as a function of the concentration of 1-hexene. The 
introduction of a smaller chain transfer agent, ethylene, results in decreased activity of the Pd 
systems, where decomposition of the catalyst is observed. In the Ni system, ethylene increases its 




modulated by changing the identity of the added phosphine in solution, or by increasing the 






CHAPTER 2 – SYNTHESIS OF PALLADIUM PINCER COMPLEXES SUPPORTED BY 
AN AMINOPHOSPHINITE LIGAND SCAFFOLD 
 
Introduction 
Palladium catalysis has become a ubiquitous tool in chemical synthesis. Cross-coupling 
reactions catalyzed by palladium were recognized with a Nobel Prize in 2010 and have been 
applied in ton-scale syntheses of pharmaceuticals.44,56 The centerpiece of palladium catalysis is a 
two-electron chemical redox transformation, where oxidative addition of a substrate increases the 
Pd formal oxidation state by two, while reductive coupling often releases product while 
decreasing the metal oxidation state by two, Figure 2.1.56 Much of the lucrative chemistry in 









Figure 2.1. PdII/0 and PdIV/II cross coupling requires different metal complex geometries. 
 
While palladium catalytic cycles most commonly utilize  Pd0 and PdII oxidation states, 
catalytic cycles that move between PdII and PdIV have increasingly been proposed in some cross-
coupling mechanisms.58,59 Proposed PdIV catalytic intermediates are increasingly prevalent in the 
literature, and ligand scaffolds capable of supporting high valent Pd are desired to further 
understand these transformations.46,48,59,60 Catalysis involving relatively high-valent 
intermediates could offer improved air and moisture tolerance and perhaps facilitate rapid 
chemical steps along coupling process.57 A key feature of the PdII/IV cycle is an oxidative 
addition to reach PdIV prior to the reductive elimination of the coupled product (Figure 2.1).   
We hypothesized that our hemilabile aminophosphinite pincer ligand scaffold38 with a 
pendent macrocycle could support palladium complexes in both PdII and PdIV oxidation states, 
and hopefully allow for studying high valent intemediates in PdII/IV cycles, via stabilization of 




The aminophosphinite pincer ligand developed by our group,38,61 abbreviated as 
15c5NCOP-H, combines a rigid and strongly donating pincer ligand with several weak and 
potentially hemilabile donors of the pendent 15-aza-crown-5 ether macrocycle, which would be 
explored in the context of cation-modulated oxidative addition and reductive elimination. When 
this work began, however, relatively few NCOP palladium pincer complexes had been 
prepared,62–72 and no pincer-crown ether palladium complexes were known. 
 
 
Figure 2.2. Palladium pincer complexes supported by three distinct aminophosphinite pincer 
ligands of different hemilability. 
 
This chapter describes the preparation of PdII complexes of Cs symmetry supported by 
three different aminophosphinite pincer ligands, Figure 2.2. Non-equivalent axial ligands on Pd 
would break the symmetry of complex, and be indicative of PdIV formation under oxidative 
conditions. A reactivity screen of these novel neutral PdII complexes with electrophilic alkyl and 
halide reagents will also be discussed.  
Synthesis of Neutral (NCOP)PdIIX Complexes 
Synthesis of (15c5NCOP)PdIIBr  
 Synthesis of 15c5NCOP-H ligand was performed following the literature procedure 









X = Cl, Br, OAc, CF3











X = Cl, Br, OAc X = Cl, Br, OAc




in the presence of base, affording (15c5NCOP)Pd (Br) as a yellow-orange solid in 60% yield 
(Scheme 2.1).   
 
Scheme 2.1. Synthesis of (15c5NCOP)Pd(Br).  
 
Diagnostic 1H NMR resonances indicated Cs symmetry in solution. These proposed 
cyclometalated complexes have convenient 1H and 31P NMR handles to probe cyclometalation, 
axial-ligand coordination, and oxidation state of the metal (Figure 2.3). The free ligand 
15c5NCOP-H has a 31P{1H} NMR resonance at δ 147. In analogous NiII systems, 
(15c5NCOP)NiII(Br),61  the 31P{1H} NMR resonance shifts approximately 50 ppm downfield from 
the free ligand upon cyclometalation ( δ 200). The aromatic region in the 1H NMR spectrum is 
also diagnostic, where two doublets and one triplet corresponding to the ligand-backbone are 
expected. The isopropyl methyl and methine resonances in the 1H NMR spectrum are indicative 
of the symmetry of the molecule, where a square-planar (NCOP)PdII(X) or a (NCOP)PdIV(X)3 

























Figure 2.3. The diagnostic 1H NMR resonances of (15c5NCOP)PdII(Br) that is Cs symmetric in 
solution, showing the aryl backbone protons (purple), isopropyl methine protons (red) and 
isopropyl methyl protons (blue). 
 
A diagnostic 31P{1H} NMR singlet at δ 203, consistent with an analogous cyclometalated 
NiII species,61 as well as phosphorus chemical shifts typical of phosphines chelated to a metal 
center in a five-memberd ring,73 provided evidence for a cyclometalated phosphorus-containing 
species. In the 1H NMR spectrum, expected resonances corresponding to the aryl backbone δ 
6.86 (t, J = 7.7 Hz, 1H), δ 6.70 (d, J = 8.0 Hz, 1H), and δ 6.57 (d, J = 7.5 Hz, 1H), a septet 
corresponding to the isopropyl methine protons (δ 2.13, J = 7.1 Hz, 2H), and two doublets of 
doublets corresponding to the isopropyl methyl protons (δ 1.34, J = 18.8, 7.1 Hz, 6H, and δ 1.05, 





Synthesis of (15c5NCOP)Pd (Cl) 
 
Scheme 2.2. Synthesis of (15c5NCOP)Pd (Cl). 
  
The complex (15c5NCOP)Pd (Cl) is prepared by refluxing the ligand 15c5NCOP-H in 
toluene for two hours (Scheme 2.2). The crude light yellow to colorless oil can be extracted into 
toluene, layered with pentane, and crystallized at -30 oC to afford colorless crystals in 55% 
yield. Diagnostic aryl backbone resonances of two doublets (6.58 J = 7.5 Hz,  and 6.72 J = 7.9 
Hz), as well as one triplet of doublets 6.87 (J = 7.8, 1.0 Hz) in the 1H NMR spectrum and a 
singlet in the 31P{1H} NMR spectrum ( d 201) confirm a cyclometalated structure, and a Cs 
symmetry in solution, like the bromide analogue (15c5NCOP)Pd (Br).  
 Since our goal in utilizing these complexes was to leverage allosteric tuning of the 
pendent hemilabile macrocycle with cations in solution, we wanted to quantify the binding 
affinity of the neutral chloride complex to Li+ cations in acetonitirile. The binding affinity of 
(15c5NCOP)Pd (Cl) to Li+ was measured in CD3CN according to previous methods. 39 The  Ka 
was determined to be 294±16 M-1, the strongest interactions with cations of group 10 pincer 
crown ether complexes synthesized. Figure 2.4 shows the relationship of the natural log of the 
binding affinity to Li+ versus the Allred-Rochow electronegativity parameter74 of each metal 
center. The observed linear correlation shows that the complex with the least electronegative 
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metal center, (15c5NCOP)Pd (Cl), has the strongest interactions with Li+, and suggests that 
complexes with more electronegative metal centers, such as the nickel analogue 
(15c5NCOP)Ni(Cl) have lower binding affinities to Li+ because the organometallic fragment 
withdraws more electron density from the pendent amine and the ether oxygen atoms.39,75 
Encouraged by the strong binding affinity of the palladium complex to Li+, we pursued other 
palladium analogues to further expand our library of pincer crown ether palladium complexes.  
 
 
Figure 2.4. Natural log of LiOTf binding affinity of group 10 chloride complexes 
(15c5NCOP)Ni(Cl), (15c5NCOP)Pt (Cl), and (15c5NCOP)Pd(Cl) along with the isoelectronic 






















M = Ni, Ka(Li+) = 120 M-1
M = Pd, Ka(Li+) = 294 M-1




Synthesis of (15c5NCOP)Pd(OAc) 
 The reaction of 15c5NCOP-H and Pd(OAc)2 in acetonitrile was undertaken in an attempt 
to prepare (15c5NCOP)Pd (OAc) (Figure 2.5). While base was required to achieve 
cyclometalation of 15c5NCOP-H with PdBr2, an acetate group could act as an internal base (the 
pKa of acetic acid in acetonitrile is 23.5),76 so no additional base was employed.  
The reaction afforded a mixture of one major product and one trace cyclometalated 
product. The major product contained a singlet (δ 6.71, 1H), a doublet (δ 6.72, J = 8.2 Hz, 1H), 
and doublet of doublets (δ 7.12, J = 7.7, 4.4 Hz, 1H) in the aromatic region of the 1H NMR 
spectrum, and a singlet (d 195) in the 31P{1H} NMR spectrum. A 2D COSY NMR experiment 
showed correlation between the protons at δ 6.72 and δ 7.12, consistent with cyclometallation of 
Pd on an undesired position of the aryl ring. We tentatively assigned the major product as PdII 
bridging acetate dimer (Figure 2.5. Bridging acetate dimers of PdII are common, especially when 
Pd centers are supported by a bidentate ligand.77,78 Specifically, this type of metalation was 
observed for a very similar system based on an aminophosphinite pincer ligand scaffold bearing 
bulky triphenylphosphine ligands.71 The bidentate binding mode is not desired for our purposes, 
because the aza-crown ether moiety is not coordinated to Pd and is too far away to participate as 
a hemilabile ligand. The trace product contained a triplet (δ 6.94, J = 7.8 Hz, 1H) and two 
doublets (δ 6.68, J = 8.4 Hz, 1H, and δ 6.58, J = 8.0 Hz, 1H) in the baseline of the aromatic 
region of the 1H NMR spectrum, and a 31P{1H} NMR resonance (d 198) consistent with the 






Figure 2.5. Attempted preparation of (15c5NCOP)Pd(OAc) and 1H NMR spectrum of the 
aromatic region of the product.  
 
An alternative route to (15c5NCOP)Pd(OAc) was sought via salt metathesis of 
(15c5NCOP)Pd(Br) with AgOAc,71 where acetate coordination would be driven by precipitation 
of insoluble AgBr (Scheme 2.3). Surprisingly, the expected product of salt metathesis, 
(15c5NCOP)Pd(OAc), was observed in a 1:1 ratio with the proposed dimeric Pd species by 1H 
NMR spectroscopy. This observation suggested that there must be adventitious protons in 
solution, given that the proposed dimeric Pd species contains an extra proton relative to both the 







Scheme 2.3. Salt metathesis of (15c5NCOP)Pd(Br) with AgOAc.  
 
Suspicious that adventitious protons may be facilitating remetalation chemistry on the 
pincer ligand backbone under the salt metathesis conditions with AgOAc, we employed the use 
of excess base in the reaction (Scheme 2.4). After adding excess triethylamine (7 equivalents) to 
a solution of (15c5NCOP)Pd(Br), one equivalent of AgOAc was added to achieve full conversion 
to the expected cyclometalated (15c5NCOP)Pd(OAc) by 1H NMR and 31P{1H} NMR 
spectroscopy (δ 198).  A triplet (δ 6.94, J = 7.8 Hz, 1H) and two doublets (δ 6.68, J = 8.4 Hz, 
1H, and δ 6.58, J = 8.0 Hz, 1H) were observed in the aromatic region of the 1H NMR spectrum, 
consistent with the expected cyclometalated product (15c5NCOP)PdII(OAc). 
 
Scheme 2.4. Modified preparation of (15c5NCOP)Pd(OAc).   
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Synthetically Blocking Ancillary Ligand Reactivity 
  
Scheme 2.5. Preparation of methoxy-blocked aminophosphinite pincer ligands. HNR2 = aza-15-
crown-5, HNEt2, HN(CH2CH2OCH3)2. 
 
The observation of undesired ligand reactivity at the aromatic C–H bond para to the aza-
crown ether highlighted the need to redesign the ligand scaffold for its further implementation in 
synthesis and catalysis. In order to protect the reactive aromatic position, we prepared a new 
methoxy-blocked aminophosphinite ligand 15c5NMeOCOP-H in hopes that the installation of the 
methoxy blocking group would prevent unwanted cyclometallation to form bidentate chelates 
and any other potential backbone activation. The methoxy-blocked aminophosphinite ligand, 
15c5NMeOCOP-H (31P{1H} NMR δ 153), was prepared in a two-step synthesis from 3-hydroxy-4-
methoxybenzaldehyde (Scheme 2.5).61  
Synthesis of (15c5NMeOCOP)PdII(OAc) and (15c5NMeOCOP)PdII(Br)  
 




























12 h, 25 oC
1 eq PdOAc2
CH3CN
12 h, 25 oC




The cyclometallated acetate complex (15c5NMeOCOP)Pd(OAc) was obtained  in 92% yield 
after allowing the 15c5NMeOCOP-H ligand to stir in acetonitrile in the presence of Pd(OAc)2 at 
room temperature for twelve hours (31P{1H} NMR δ 199) (Scheme 2.6). Two doublets (δ 6.65, J 
= 8.1 Hz, 1H; δ 6.60, J = 8.0 Hz, 1H) corresponding to the aryl backbone were observed in the 
aromatic region of the 1H NMR spectrum, and are slightly upfield of the aromatic resonances of 
the unblocked complex as might be expected from a more electron rich arene backbone. Notably, 
no base was required to achieve the desired metalation product, unlike the synthesis of 
(15c5NCOP)Pd(OAc) with the unblocked ligand. Light yellow crystals of (15c5NMeOCOP)Pd(OAc) 
suitable for X-ray diffraction were grown from the slow evaporation of pentane (Figure 2.6). 
(15c5NMeOCOP)Pd(OAc) co-crystallized with acetic acid that interacted via hydrogen bonding to 
the acetate ligand on Pd . This result led to employing an aqueous treatment to remove any 
excess acetic acid by washing the product with deionized water, and extracting into 
dichloromethane. The absence of acetic acid was confirmed by 1H NMR spectroscopy post-
aqueous workup.   
Figure 2.6. Structure of (15c5NMeOCOP)Pd(OAc)•HOAc is presented with thermal ellipsoids 
shown at 50% probability density. Hydrogen atoms are omitted for clarity.  
 
The bromide complex (15c5NMeOCOP)Pd(Br) (31P{1H} NMR δ 205) was prepared by 




mixture was allowed to stir for twelve hours, after which it was dried in vacuo and washed with 
pentane to afford a yellow solid in 53% yield (Figure 2.7). Two doublets (δ 6.71, J = 8.2 Hz, 1H, 
and δ 6.63, J = 8.2 Hz, 1H) corresponding to the aryl backbone were observed in the aromatic 
region of the 1H NMR spectrum. Two doublet of doublets (δ 1.43, J = 19.1, 7.2 Hz, 6H, and 
δ1.32, J = 16.0, 7.0 Hz, 6H) corresponding to the isopropyl methyl protons, consistent with a 
square-planar cyclometalated species, were observed. Amber-orange crystals of 
(15c5NMeOCOP)Pd(Br) that were suitable for X-ray diffraction were grown by layering a 
concentrated solution of (15c5NMeOCOP)Pd(Br) in toluene with pentane (Figure 2.7).  
Figure 2.7. Structure of (15c5NMeOCOP)Pd(Br) is presented with thermal ellipsoids shown at 50% 






Synthesis of (15c5NMeOCOP)PdII(Cl)  
 
Scheme 2.7. The synthesis of (15c5NMeOCOP)Pd(Cl).  
 
A palladium chloride complex of the methoxy-blocked pincer-crown ether ligand was 
prepared in 60% yield by refluxing of (cod)Pd(Cl)2 in the presence of 1.1 equivalents of 
15c5NMeOCOP-H ligand in toluene for 48 hours (Scheme 2.7). The 1H NMR spectrum features 
two doublets δ 6.66 and d 6.58 in the aromatic region, as well as a heptet and two sets of 
doublets of doublets in the aliphatic region, consistent with a cyclometalated pincer complex of 
Cs symmetry in solution. The 31P{1H} NMR spectrum contains a singlet d 203. 
Synthesis of (15c5NMeOCOP)Pd(CF3) 
 
 
Scheme 2.8. Synthesis of (15c5NMeOCOP)Pd(CF3).  
 
The trifluoromethyl complex (15c5NMeOCOP)Pd(CF3) was synthesized by salt metathesis 


















































(Scheme 2.8). Two doublets (d 6.70, J = 7.9 Hz, d 6.59, J = 8.2 Hz) corresponding to the 
aromatic backbone, as well as a septet (d 2.37, J = 6.9) corresponding to the isopropyl methines 
can be observed in the 1H NMR spectrum, consistent with Cs symmetry in solution. A quartet 
(d 200.7, J = 9.1 Hz) is observed in the 31P NMR spectrum, consistent with fluorine-phosphorus 
coupling due to incorporation of the trifluoromethyl group in the primary coordination sphere. In 
the 19F NMR spectrum, a resonance at d -21.51 (JP-F = 7.5 Hz) corresponds to the Pd—CF3, 
similar to previously reported POCOP Ni and Pd trifluoromethyl complexes.79  
 
Diversifying the N-donor on the Aminophosphinite Pincer Ligand Scaffold 
Synthesis of (MeOEtNMeOCOP)Pd(Cl) and of (EtNMeOCOP)Pd(Cl) 
 
Scheme 2.9. The synthesis of (EtNMeOCOP)Pd(Cl) and (EtMeONMeOCOP)Pd(Cl). 
 
The amine substituents are expected to play a critical role in catalysis, so a series varying 
the structure of the amine donor was developed. To complement the complexes with ligands 
containing a 15-aza-crown-5 ether macrocycle, a diethylamine analogue lacking ether 
functionality and a bis(methoxy)diethylamine analogue with non-cyclic ethers were prepared 


























NR2 = NEt2 NR2 = N(CH2CH2OCH3)2




Two chloride complexes supported by these aminophosphinite ligands were prepared 
according to the same procedure as the macrocycle-containing analogue, Scheme 2.9. Both 
complexes displayed Cs symmetry in solution, consistent with cyclometalated species and the 
macrocycle-containing analogues.  X-ray quality crystals of (MeOEtNCOP)Pd(Cl) were grown in 
hexane at -35 oC.  
Synthesis of Cationic (NCOP)PdII Complexes 
Synthesis of [(15c5NMeOCOP)Pd]+ 
 
Scheme 2.10. Synthesis of [(15c5NMeOCOP)Pd][B(C6F5)4].  
 
Halide abstraction from the chloride, bromide, or acetate complexes (15c5NMeOCOP)Pd(X) 
proved challenging. Attempts with salts of sodium, potassium, thallium, and trityl cation resulted 
in either partial conversion of simple salt interaction with the crown ether macrocycle without 
halide abstraction. Halide abstraction obtained using AgPF6, however, leads to the formation of a 
cationic Pd(II) species, determined by high-resolution mass spectrometry and NMR 
spectroscopy. The presence of persistent silver impurities was confirmed by ICP-MS 
(inductively-coupled mass spectrometry) to a Pd:Ag ratio of 2.4:1, hampering utilization of this 
procedure.  
The only method discovered for clean halide abstraction from (15c5NMeOCOP)Pd(Cl) 
relied on in situ generated [Et3Si]+, Scheme 2.10.80–82 Silylium cation is generated via the 
Chlorobenzene
























addition of a slight excess of triethylsilane (1.1 equivalents) to a solution of trityl 
tetrakis(pentafluorophenyl)borate in chlorobenzene. A solution of neutral (15c5NMeOCOP)Pd(Cl) 
is then added dropwise to the solution of [Et3Si][B(C6F5)4] and stirred at room temperature for 
two hours, dried in vacuo, and washed several times with pentane to remove the 
triphenylmethane byproduct. The palladium-containing product is then dissolved in ether, 
filtered through a short alumina plug, and dried in vacuo to give a white powder 
[(15c5NMeOCOP)Pd][B(C6F5)4] in 80 % yield, and confirmed by mass spectrometry. 
Critically, slightly more than one equivalent of silylium must be generated in situ to 
ensure complete halide abstraction. Initial attempts to prepare the cationic species with less than 
one equivalent of silylium cation resulted in a broad, Cs symmetric palladium species in solution 
by 1H NMR spectroscopy. We suspected that we may be forming bridging mono-halide dimers 
resulting from one cationic species coordinating to one neutral chloride species, [PdII-X-PdII]+, as 
observed in two previous reports of aminophosphinite-supported palladium pincer complexes, 
Figure 2.8.49,64.  To test this hypothesis, a 1:1 mixture of the neutral (15c5NMeOCOP)PdII(Cl) and 
the cationic [(15c5NMeOCOP)Pd][B(C6F5)] was dissolved in CD2Cl2 and analyzed by 1H and 
31P{1H} NMR spectroscopy. Only one broad species was observed, matching the spectra of the 
partial halide abstractions and those of the unknown Pd species generated in the presence of only 





Figure 2.8. Proposed formation of bridging [PdII-Cl-PdII]+ species.  
 
Synthesis of [(MeOEtNMeOCOP)Pd]+ 
 
Scheme 2.11. Synthesis of [(MeOEtNMeOCOP)Pd][B(C6F5)4].  
 
Halide abstraction from (MeOEtNMeOCOP)Pd(Cl) by in situ generated [Et3Si]+ proceeds 
cleanly to form the cationic species [(MeoEtNMeOCOP)Pd][BArF204] in 73% yield, Scheme 2.11. 
High-resolution mass spectrometry electron spray ionization (HRMS-ESI) confirmed a cationic 
species. Similarly to the macrocycle-containing species, a 1:1 ratio of the cationic 
[(MeoEtNMeOCOP)Pd][BArF204] and the neutral MeOEtNMeOCOP)Pd(Cl) complexes generates one 
broad, Cs symmetric species in solution, characterized by 1H NMR and 31P{1H} NMR 

























































2 hours, 25 oC
CD2Cl2
Same species generated by 1H and 31P{1H} NMR





Synthesis of [(EtNMeOCOP)Pd]+ 
 
Scheme 2.12. Halide abstraction of (EtNMeOCOP)Pd(Cl) with silylium cation generated in situ.  
 
Halide abstraction of the diethylamino-substituted chloride complex (EtNMeOCOP)Pd(Cl) 
by [Et3Si]+ yields three species in the 1H NMR spectrum that appear to be in dynamic exchange, 
Scheme 2.12. With no intramolecular ether donors, we suspect that there is competitive binding 
of the Pd center by any available donors in solution. It is very sensitive to Lewis basic donors in 
solution, and the speciation changes in solution in the presence of excess ether, thf, or 
acetonitrile.  Addition of excess acetonitrile (approximately 100 equiv.) converts the mixture to a 
single species assigned as the cationic acetonitrile complex. By HRMS-ESI, a sample in 
methylene chloride and acetonitrile contained m/z 430.11362 and m/z 471.14028, corresponding 
to the cationic complex with no ligand trans to the phenyl backbone, and to a cationic nitirile 
species, respectively. Additionally, an m/z 897.19674 is also observed, corresponding to a 
bridging cationic mono-chloride dimer. This species is stable to filtration over alumina in ether, 
and can be stored as an off-white solid at -35 oC.  Notably, two other bridging dimers of 
aminophosphinite palladium complexes have been reported, one a bridging chloride dimer,49 and 
the other a bridging hydride species.64 Synthetic attempts to generate one cationic species in 
solution in the absence of acetonitrile were unsuccessful. Synthetic modifications such as 




















palladium to silylium cation, or reactions in excess silylium (2 equiv.) all resulted in a mixture of 
three cationic species by 1H NMR, including the bridging halide dimer by mass spectrometry.  
 
Attempts to Synthesize PdIV Complexes 
 With an arsenal of neutral pincer crown ether palladium complexes in hand, their 
reactivity with electrophilic alkyl reagents was probed to see if PdIV could be accessed with our 
aminophosphinite ligand scaffold. Complexes of PdIV have been known since 1986, with the first 
reported high valent structure by Canty and coworkers of a bipyridine supported fac-
[(bpy)Pd(CH3)3(I)] octahedral complex.83  While some PdIV complexes can be isolated,47,83–85 
many undergo C-C or C-X reductive elimination to form more stable PdII species or 
decomposition products. The high valent intermediates can either be observed spectroscopically 
at low temperature,86–90 or are proposed intermediates in catalytic reactions.91–94 Notably, two 
examples of PdIV CNN95 and NCN96 pincer complexes were reported by van Koten and 
coworkers from the oxidation of neutral PdII species with Cl2 or PhICl2. While both PdIV species 
could be characterized spectroscopically, both underwent facile decomposition at room 
temperature. We were encouraged by an example from Willis and coworkers36 that showed the 
preparation of a PdIV methyl complex that was stabilized by a hemilabile cyclic thioether (Figure 
1.8) This reported complex was stable to reductive elimination, and we hoped that our 
macrocycle-containing pincer scaffold might stabilize PdIV in a similar fashion. Below is a 
summary of our attempts to access PdIV with a selection of electrophilic reagents previously 





Addition of Methyl Iodide to (15c5NMeOCOP)Pd(X)  
 In the presence of excess (6 equiv.) methyl iodide, halide complexes 
(15c5NMeOCOP)Pd(X) (X = Cl, Br or OAc), converted quantitatively to the corresponding 
(15c5NMeOCOP)Pd(I) and an equivalent of MeX (X = Cl, Br or OAc) by 1H NMR spectroscopy, 
respectively, in deuterated dichloromethane (Figure 2.9). The reaction solutions for all three 
complexes with methyl iodide became a darker yellow upon conversion to (15c5NMeOCOP)Pd(I) 
(31P{1H} NMR δ 208). The identity of (15c5NMeOCOP)Pd(I) as a bright yellow product was 
confirmed by its independent synthesis from (15c5NMeOCOP)PdII(Br) and five equivalents of 
potassium iodide, with a 31P{1H} NMR resonance at δ 208, and the precipitation of potassium 
bromide as a by-product. 
 
Addition of Trimethyloxonium Tetrafluoroborate to (15c5NMeOCOP)Pd(X)  
 The addition of trimethyloxonium tetrafluoroborate, [Me3O][BF4], to 
(15c5NMeOCOP)PdII(Cl) (31P{1H} NMR s, δ 205) in dichloromethane led to the production of 
approximately half an equivalent of MeCl and dimethyl ether by 1H NMR spectroscopy, as well 
as the full conversion to a new palladium species with fluxional behavior apparent by 1H and 
31P{1H} NMR spectroscopy (Figure 2.9). The NMR spectra are consistent with a square-planar 
PdII complex of Cs symmertry. Interestingly, this product Pd complex matched the 1H NMR 
spectrum of halide abstractions performed with only 0.5 eq silylium in solution, and is proposed 
to be a a bridging mono-halide cationic dimer, [PdII-X-PdII]+. No PdIV intermediates or products 
were observed by 1H NMR spectroscopy, where a break in the Cs symmetry would be expected 





Addition of other electrophilic reagents to (15c5NMeOCOP)Pd(X)  
No reaction was observed upon treatment of (15c5NMeOCOP)Pd(X) with bis(4-
methylphenyl)iodonium hexafluorophosphate, [(CH3C6H4)2I][PF6], in CD2Cl2 at 25 oC. 
Treatment of 15c5NMeOCOP)Pd(X) with an electrophilic trifluoromethyl source (CF3+), 3,3-
dimethyl-1-(trifluoromethyl)-1,2-benziodoxole (Togni’s reagent) also gave no reaction at 25 oC 
in CD2Cl2. Finally, treatment of (15c5NMeOCOP)Pd(X) with X+ sources, such as hypervalent 
iodonium salt PhI(OAc)2 and  Br2, were also unsuccessful in preparing PdIV species, and resulted 
in no reaction and decomposition, respectively.   
While the production of CH3X from the addition of [Me3O][BF4] to the neutral 
(15c5NMeOCOP)Pd(X) complexes could be accessed through PdIV intermediates, halide abstraction 
by the electrophilic reagent could not be discounted. We next explored accessing PdIV complexes 
from our trifluoromethyl precursor, to (15c5NMeOCOP)Pd(CF3), since there is precedent in the 
literature for the stabilization of high valent palladium and nickel trifluoromethyl complexes,97,98 
and because we hoped we could circumvent formation of bridging dimers of the 
(15c5NMeOCOP)Pd(CF3), since CF3 should be a poor bridging ligand to a cationic Pd center in a 







Figure 2.9. Reactivity of (15c5NMeOCOP)Pd(X) complexes with alkyl electrophiles. 
 
Attempts to synthesize Pd(IV) from (15c5NMeOCOP)Pd(CF3)  
 The trifluoromethyl complex (15c5NMeOCOP)Pd(CF3) was considered likely to be less 
likely to undergo direct electrophilic attack than halide complexes, motivating reactivity 
explorations with a range of electrophiles. 
 In deuterated methylene chloride, no changes were observed in the 1H, 31P{1H}, or 
19F{1H} spectra of (15c5NMeOCOP)Pd(CF3) after a week at room temperature in the presence of 
methyl iodide. This is a distinctly different outcome than the addition of methyl iodide to other 
(15c5NMeOCOP)Pd(X), which slowly converted to the iodide complex and produced one 


















X = Cl, Br, OAc























NR2 = aza-15-crown-5 ether





Like the (15c5NMeOCOP)Pd(X) halides, no reactivity was observed with the 
trifluoromethyl (15c5NMeOCOP)Pd(CF3) in the presence of the hypervalent iodonium salt, 
[(CH3C6H4)2I][PF6]. No aryl-CF3 coupling or new Pd species were detected by NMR 
spectroscopy, even after two weeks in solution at 25 oC.  
The addition of [Me3O][BF4] to (15c5NMeOCOP)Pd(CF3), however, results in the formation 
of a new Pd species in the 1H and 31P{1H] NMR spectra, along with the production of MeF 
detected by a quartet in the 19F NMR spectrum (d -270)  and a singlet 19F{1H} NMR spectrum 
(d -270). No 19F{1H} resonance corresponding to a Pd-CF3 fragment was detected, and this new 
Pd species contains no P-F coupling in the 31P{1H} NMR spectrum (d 199), indicative of loss of 
the CF3 ligand.  
 Precedent in the literature has demonstrated the production of a carbonyl complex, 
(POCOP)Pd(CO) from a trifluoromethyl complex (POCOP)Pd(CF3) via fluoride abstraction by 
Lewis acidic boranes in the presence of trace protons.79 The borane is proposed to first abstract 
F- from the CF3 ligand to form a Pd carbene. In the presence of trace water, it is proposed to then 
form a carbonyl Pd complex with the loss of HF. While more characterization is necessary to 
determine the outcome of this reaction, we tentatively propose that [Me3O][BF4] may be acting 
as an F- abstractor, making a carbene complex in situ to form a Pd carbonyl complex and methyl 







Figure 2.10. Proposed F- abstraction to form (15c5NMeOCOP)Pd(CO) complex.  
 
Summary and Conclusions: 
 A series of neutral palladium pincer complexes supported by three distinct 
aminophosphinite ligands of varying hemilability was prepared. It was found that the neutral 
chloride complex, (15c5NCOP)Pd(Cl) had the highest binding affinity for Li+ (294 M-1) of group 
10 pincer crown ether complexes. Installation of a methoxy group on the pincer ligand backbone 
proved essential for ensuring productive metalation, as well as to prevent ancillary ligand 
activation. The halide abstraction of these neutral complexes to afford their cationic analogues 
has also been described, and required the use of in situ generated silylium. Incomplete halide 
abstraction resulted in bridging cationic dimers of [PdII-X-PdII] configuration, as shown in mass 
spectrometry. Attempts to synthesize or observe PdIV complexes from neutral 
(15c5NMeOCOP)Pd(X) and (15c5NMeOCOP)Pd(CF3)  complexes were unsuccessful, and instead the 
formation of bridging [PdII-X-PdII] cationic dimers was observed. This work has produced a 
library of novel aminophosphinite-supported palladium complexes, paving the groundwork for 

































All reactions were performed under an inert nitrogen atmosphere, utilizing standard 
vacuum line and glovebox techniques unless otherwise noted. All NMR-scale reactions were 
prepared in a glovebox and monitored in Teflon-sealed NMR tubes. Organic solvents were dried 
and degassed with argon using a Pure Process Technology solvent system and stored over 3 Å 
molecular sieves. Under standard glovebox operating conditions, pentane, diethyl ether, benzene, 
toluene, and tetrahydrofuran were used without purging, so traces of those solvents were present 
in the atmosphere and in the solvent bottles. High resolution mass spectra were collected on a 
ThermoScientific Q Exactive HF-X with a mass range of 50 to 4,000 Da, and resolution up to 
100,000 at m/z 400 at 1 Hz, >750,000 at m/z 400 at slower scan repetition rates.  1H NMR spectra 
were recorded on 400, 500, or 600 MHz spectrometers. NMR characterization data are reported 
at 25 °C, unless specified otherwise. All of the NMR solvents were purchased from Cambridge 
Isotopes Laboratories. Methylene chloride-d2 (CD2Cl2) was freeze− pump−thaw-degassed three 
times, dried by passage through a small column of activated alumina, and stored over 3 Å 
molecular sieves. 1H chemical shifts are reported in parts per million relative to residual protio 
solvent resonances. EtNCOP-H, 15c5NCOP-H, were synthesized according literature procedures.61 
NaBArF4 and LiBArF4*(Et2O)3 were prepared according to literature procedure.99 All of the other 
reagents were commercially available and used without further purification. Single-crystal X-ray 
diffraction data were collected on a Bruker Smart Apex-II diffractometer at 100 ± 2 K with Cu 
Kα radiation (λ = 1.54175 Å). Diffraction profiles were integrated using the SAINT software 
program. Absorption corrections were applied using SADABS. The structure was solved using 













Synthesis of (15c5NCOP)Pd(Br)  
 A 20 mL vial was charged with PdBr2 (71.0 mg, 0.267 mmol), 15c5NCOP (98.2 mg, 0.222 
mmol), and triethylamine (32.0 uL, 0.230 mmol) in benzene (5 mL). The yellow solution turned 
amber after stirring for three hours at room temperature. The reaction was allowed to stir at room 
temperature overnight, and was concentrated after 24 hours to a yellow-orange oil. The crude 
product was extracted with ether, filtered, and dried in vacuo to afford a yellow-orange powder 
(103.0 mg, 74% yield). 1H NMR (400 MHz, Methylene Chloride-d2) δ 6.95 (td, J = 7.8, 1.3 Hz, 
1H), 6.70 (d, J = 7.5 Hz, 1H), 6.60 (d, J = 7.9 Hz, 1H), 4.45 (s, 2H), 4.14 (ddd, J = 11.3, 6.7, 4.6 
Hz, 2H), 4.04 – 3.86 (m, 2H), 3.78 – 3.50 (m, 16H), 3.41 (dddd, J = 13.5, 6.5, 4.9, 1.4 Hz, 2H), 
2.39 (dq, J = 14.1, 7.0 Hz, 2H), 1.49 – 1.34 (m, 7H), 1.34 – 1.13 (m, 9H). 31P{1H} NMR (162 
MHz, Chloroform-d) δ 203.05 
 













Synthesis of 15c5NMeOCOP-H  
 
 A 20 mL vial was charged with 15c5NMeOCOH (155.7 mg, 0.438 mmol) and triethylamine 
(70 uL, 0.502 mmol) in THF (3 mL), and was placed in a freezer at -35 oC for 10 minutes. 
Another vial of THF (3 mL) was also placed in the freezer for 10 minutes. To the second vial, 
diisopropylchlorophosphine was added (70 uL, 0.438 mmol). To the ligand solution was added 
the diisopropylphosphine solution, and the reaction mixture was allowed to warm up to room 
temperature. The reaction was allowed to stir at room temperature overnight, and was 
subsequently concentrated, extracted with ether, filtered through a short glass plug, and dried in 
vacuo to reveal a colorless oil (191.8 mg, 92% yield). 1H NMR (400 MHz, Benzene-d6) δ 7.60 
(s, 1H), 6.96 (dd, J = 8.2, 2.1 Hz, 1H), 6.62 (d, J = 8.2 Hz, 1H), 3.66 (t, J = 6.0 Hz, 4H), 3.58 – 
3.46 (m, 11H), 3.42 (d, J = 11.2 Hz, 8H), 2.88 (t, J = 6.1 Hz, 4H), 1.90 (pd, J = 7.1, 2.5 Hz, 2H), 









Figure 2.13. 1H NMR spectrum of 15c5NMeOCOP-H in C6D6. 
 
 




Synthesis of EtNMeOCOH  
 This ligand was prepared according to the same procedure to prepare 15c5NMeOCOH.100 
Isovanillin (105.3 mg, 0.657 mmol) and triethylamine (70 uL, 0.657 mmol) were dissolved in 
THF (15 mL) and allowed to stir at room temperature under nitrogen. Triacetoxyborohydride 
was added in four portions over the course of twenty-four hours (152.8 mg, 0.720 mmol). The 
crude product was isolated and purified according to the methods described for the preparation of 
15c5NMeOCOH to yield a colorless waxy solid (80.0 mg, 58% yield). 1H NMR (400 MHz, 
Chloroform-d) δ 6.93 (d, J = 1.9 Hz, 1H), 6.86 – 6.72 (m, 2H), 3.88 (s, 3H), 3.50 (s, 2H), 2.53 (q, 
J = 7.1 Hz, 4H), 1.05 (t, J = 7.1 Hz, 6H).	
 




Synthesis of EtNMeOCOP-H  
 This ligand was prepared according to the same method for the preparation of 
15c5NMeOCOP-H.100 The reaction was carried out using EtNMeOCOH (65.9 mg, 0.315 mmol), 
triethylamine (48 uL, 0.347 mmol), and diisoproplyphosphine (50 uL, 0.315 mmol). The product 
was isolated and purified according to the methods described by the preparation for 
15c5NMeOCOP-H, as a colorless waxy solid (60.0 mg, 60% yield). 1H NMR (400 MHz, Benzene-
d6) δ 7.65 (s, 1H), 6.99 (dd, J = 8.2, 2.0 Hz, 1H), 6.64 (d, J = 8.2 Hz, 1H), 3.46 (s, 2H), 3.42 (s, 
3H), 2.45 (q, J = 7.1 Hz, 5H), 1.89 (pd, J = 7.1, 2.6 Hz, 2H), 1.29 (dd, J = 10.4, 7.0 Hz, 7H), 1.07 















Synthesis of MeOEtNMeOCOH 
This ligand was prepared according to the same procedure to prepare 15c5NMeOCOH.100 
Isovanillin (439.3 mg, 2.89 mmol) and bis(methoxy)ethylamine (409 μL, 2.78 mmol) were 
dissolved in THF (25 mL) and allowed to stir at room temperature under nitrogen. 
Triacetoxyborohydride was added in four portions over the course of twenty-four hours (900 mg, 
4.2 mmol). The crude product was isolated and purified according to the methods described for 
the preparation of 15c5NMeOCOH to yield a colorless waxy solid (520 mg, 1.93 mmol, 67% yield). 
1H NMR (400 MHz, Chloroform-d) δ 6.93 (d, J = 1.5 Hz, 1H), 6.79 (s, 2H), 3.87 (s, 3H), 3.62 (s, 
2H), 3.48 (t, J = 6.1 Hz, 4H), 3.33 (s, 6H), 2.73 (t, J = 6.1 Hz, 4H). 13C{1H} NMR (151 MHz, 
Methylene Chloride-d2) δ 145.77, 145.74, 145.48, 145.46, 120.37, 115.09, 115.05, 110.35, 
110.34, 71.09, 59.07, 58.46, 55.95. 
 
 









Synthesis of MeOEtNMeOCOP-H  
This ligand was prepared according to the same method for the preparation of 
15c5NMeOCOP-H.100 The reaction was carried out using EtMeONMeOCOH (34.3 mg, 0.127 mmol), 
triethylamine (19.5 µL, 0.140 mmol), and diisoproplyphosphine (20.5 µL, 0.128 mmol). The 
product was isolated and purified according to the methods described by the preparation for 
15c5NMeOCOP, as a colorless waxy solid (0.06 mmol, 47% yield). 1H NMR (400 MHz, 
Chloroform-d) δ 6.81 (d, J = 8.2 Hz, 1H), 3.84 (s, 3H), 3.64 (s, 2H), 3.48 (t, J = 6.2 Hz, 4H), 3.34 
(s, 6H), 2.74 (t, J = 6.2 Hz, 4H), 1.97 (h, J = 7.3 Hz, 2H), 1.33 – 0.99 (m, 15H). 13C{1H} NMR 
31P NMR (400 MHz, CDCl3) δ 156.52. 	
 













Synthesis of (15c5NMeOCOP)Pd(OAc) 
 A 20 mL vial was charged with palladium acetate (38.2 mg, 0.170 mmol) and 
15c5NMeOCOP (75.3 mg, 0.160 mmol) in acetonitrile (3 mL). The orange solution was allowed to 
stir for 24 hours at room-temperature, and was subsequently dried in vacuo to a light-yellow oil. 
The product was extracted in ether, and washed and triturated with pentane to yield a light-
yellow powder (100 mg, 0.157 mmol, 92% yield). 1H NMR (400 MHz, Methylene Chloride-d2) 
δ 6.65 (d, J = 8.1 Hz, 1H), 6.60 (d, J = 8.2 Hz, 1H), 4.27 (s, 2H), 4.12 (dt, J = 11.5, 5.9 Hz, 2H), 
3.96 (dt, J = 11.2, 5.7 Hz, 2H), 3.80 (s, 3H), 3.65 (q, J = 6.6 Hz, 14H), 3.47 – 3.26 (m, 4H), 2.64 
(h, J = 7.1 Hz, 3H), 1.91 (s, 3H), 1.41 – 1.21 (m, 12H). 31P{1H} NMR (162 MHz, Methylene 
Chloride-d2) δ 200.27. 
 











Synthesis of (15c5NMeOCOP)Pd(Br) 
This complex was prepared according to the procedure for the unblocked 
(15c5NCOP)Pd(Br) described above. The ligand (15c5NMeOCOP-H) (60.6 mg, 0.127 mmol), PdBr2 
(38.5 mg, 0.140 mmol), and triethylamine (18.0 uL, 0.127 mmol) were dissolved in benzene (7 
mL) and allowed to stir at room-temperature overnight. The amber solution was dried in vacuo, 
extracted into ether, filtered, and dried in vacuo to yield a yellow powder, (43.8 mg, 53 % yield). 
1H NMR (400 MHz, Benzene-d6) δ 6.57 (d, J = 8.1 Hz, 1H), 6.45 (d, J = 8.1 Hz, 1H), 4.35 (s, 
2H), 4.17 (ddd, J = 11.3, 6.9, 4.5 Hz, 2H), 3.94 (dt, J = 11.0, 5.3 Hz, 2H), 3.76 (dq, J = 13.9, 4.6 
Hz, 2H), 3.59 (dt, J = 12.8, 5.8 Hz, 2H), 3.47 – 3.38 (m, 7H), 3.32 (dtd, J = 17.6, 8.7, 8.2, 4.7 
Hz, 9H), 2.17 (dq, J = 14.1, 7.1 Hz, 2H), 1.35 (dd, J = 19.0, 7.2 Hz, 6H), 1.09 (dd, J = 15.9, 6.9 
Hz, 6H). 31P{1H} NMR (162 MHz, Benzene-d6) δ 204.25. 
 
 










Synthesis of (15c5NMeOCOP)Pd(Cl)  
To a Schlenk flask was added Pd(cod)Cl2 (85.4 mg, 0.299 mmol, 1 eq) and (15c5-
MeONCOP) ligand (155.1 mg, 0.329 mmol, 1.1 eq) in toluene (20 mL), and a stir bar. The 
reaction mixture was refluxed under nitrogen for 48 hours, turning from a bright yellow solution 
to pale yellow. The crude reaction was allowed to cool and dried in vacuo, and washed with 
ether. (15c5-MeONCOP)PdCl was extracted into dichloromethane, filtered, dried in vacuo, and 
recrystallized from toluene/pentane diffusion at -35 oC to yield a pale yellow-to-off-white 
crystalline powder (110 mg, 0.180 mmol, 60% yield). 1H NMR (600 MHz, Methylene Chloride-
d2) δ 6.66 (d, J = 8.1 Hz, 1H), 6.58 (d, J = 8.1 Hz, 1H), 4.32 (s, 2H), 4.14 (ddd, J = 11.4, 6.6, 4.9 
Hz, 2H), 3.92 (dq, J = 11.8, 6.3, 5.9 Hz, 2H), 3.77 (s, 3H), 3.69 – 3.59 (m, 11H), 3.59 – 3.53 (m, 
2H), 3.47 (dtd, J = 14.1, 5.5, 3.8 Hz, 2H), 3.34 (septet, J = 13.5, 6.7, 5.1, 1.4 Hz, 2H), 2.50 – 
2.28 (m, J = 7.1 Hz, 2H), 1.37 (dd, J = 19.1, 7.2 Hz, 6H), 1.28 (dd, J = 15.9, 7.0 Hz, 7H). 13C 
NMR (151 MHz, Methylene Chloride-d2) δ 116.91, 110.33, 70.52, 70.46, 70.26, 68.65, 66.66, 
57.70, 56.18, 53.84, 53.66, 53.48, 53.30, 53.12, 29.27, 29.10, 17.20, 17.16, 16.62. 31P{1H} NMR 








Figure 2.26. 1H NMR spectrum of (15c5NMeOCOP)Pd(Cl) in CD2Cl2. 
 
 









Synthesis of (EtNMeOCOP)Pd(Cl) 
 This complex was prepared according to the procedure for (15c5NMeOCOP)Pd(Cl). The 
ligand (EtNMeOCOP) (61.0 mg, 0.187 mmol) and Pd(cod)Cl2 (50.7 mg, 0.177 mmol) were 
dissolved in toluene (10 mL) and refluxed for 48 hours. The crude reaction was allowed to cool 
and dried in vacuo, and washed with ether. (EtNMeOCOP)PdCl was extracted into 
dichloromethane, filtered, dried in vacuo to yield a pale yellow-to-off-white crystalline powder 
(53.6 mg, 0.115 mmol, 65% yield). (AS-2-182) 1H NMR (600 MHz, Methylene Chloride-d2) δ 
6.64 (d, J = 8.2 Hz, 1H), 6.58 (d, J = 8.2 Hz, 1H), 4.06 (s, 2H), 3.77 (s, 3H), 3.28 (dqd, J = 12.4, 
7.3, 1.4 Hz, 2H), 2.73 (dp, J = 13.2, 6.8 Hz, 2H), 2.49 – 2.33 (m, J = 7.1 Hz, 2H), 1.48 – 1.34 (m, 
13H), 1.29 (dd, J = 15.8, 7.0 Hz, 7H). 13C NMR (151 MHz, Methylene Chloride-d2) δ 115.79, 
110.24, 56.17, 55.39, 55.37, 53.83, 53.65, 53.47, 53.29, 53.11, 29.34, 29.17, 17.14, 17.10, 16.59, 








Figure 2.29. 1H NMR spectrum of (EtNMeOCOP)Pd(Cl) in CD2Cl2. 
 
   











Synthesis of (MeOEtNMeOCOP)Pd(Cl) 
This complex was prepared according to the procedure for (15c5NMeOCOP)Pd(Cl).101 The 
ligand (MeOEtNMeOCOP) (182.2 mg, 0.470 mmol) and Pd(cod)Cl2 (123.0 mg, 0.431 mmol) were 
dissolved in toluene (48 mL) and refluxed for 48 hours. The crude reaction was allowed to cool, 
filtered and dried in vacuo to a light yellow solid. The crude product was dissolved in hexane (50 
mL) and allowed to recrystallize at -35 °C to yield the product as a pale yellow crystals (0.380, 
88% yield). 1H NMR (500 MHz, Methylene Chloride-d2) δ 6.65 (q, J = 8.2 Hz, 1H), 4.37 (s, 1H), 
4.00 (hept, J = 5.3 Hz, 2H), 3.81 (s, 1H), 3.42 (ddd, J = 12.8, 8.1, 3.1 Hz, 1H), 3.28 (s, 2H), 3.09 
– 2.97 (m, 1H), 2.44 (qd, J = 13.9, 6.0 Hz, 1H), 1.49 – 1.33 (m, 5H), 1.32 (d, J = 7.0 Hz, 2H), 0.92 
(t, J = 6.9 Hz, 0H).13C NMR 31P{1H} NMR (500 MHz, Methylene Chloride-d2) δ 202.14. 
 






Figure 2.33. 13C{1H} NMR spectrum of (MeOEtNMeOCOP)Pd(Cl) in CD2Cl2. 
 
 




Synthesis of (15c5NMeOCOP)Pd(CF3) 
 A 20 mL vial was charged with AgF (4.4 mg, 0.0273 mmol) and acetonitrile (1 mL), to 
which was added TMSCF3 (4.0 uL, 0.0271 mmol). The solution turned into a dark grey slurry, 
and was allowed to stir for thirty-minutes. To the AgF/TMSCF3 solution, a solution of 
(15c5NMeOCOP)Pd(Cl) (8.9 mg, 0.0145 mmol) in acetonitirile (1 mL) was added. The reaction 
was allowed to stir at room temperature for two hours, was subsequently concentrated, and 
extracted into ether and filtered. The ether filtrate was dried in vacuo to reveal a white powder 
(9.0 mg, 0.0139 mmol, 96 % yield). 1H NMR (600 MHz, Methylene Chloride-d2) δ 6.71 (d, J = 
8.0 Hz, 1H), 6.61 (d, J = 8.0 Hz, 1H), 4.49 (s, 2H), 3.98 (hept, J = 5.8, 5.4 Hz, 5H), 3.80 (s, 3H), 
3.66 (dq, J = 12.0, 4.5, 4.1 Hz, 8H), 3.63 – 3.59 (m, 5H), 3.56 (dt, J = 14.4, 5.2 Hz, 2H), 3.44 (dt, 
J = 13.8, 5.4 Hz, 3H), 2.56 – 2.31 (m, J = 7.5, 6.9 Hz, 2H), 1.30 (ddd, J = 26.8, 17.4, 7.1 Hz, 
15H).13C{1H} NMR (151 MHz, Methylene Chloride-d2) δ 153.09 (d, J = 13.2 Hz), 152.30 (q, J = 
15.5 Hz), 150.87 (d, J = 7.7 Hz), 150.62 (d, J = 13.3 Hz), 143.02, 142.90, 142.60, 116.60, 
110.89, 70.64, 70.51, 70.31, 69.29, 67.33, 58.19, 56.12, 29.06, 28.88, 17.45, 17.41, 16.59. 31P 
NMR (202 MHz, Methylene Chloride-d2) δ 200.74 (q, J = 8.2 Hz). 19F{1H} NMR (376 MHz, 


























Synthesis of [(15c5NMeOCOP)Pd]+ 
A 20 mL vial was charged with (15c5NMeOCOP)Pd(Cl) (30 mg, 0.0490 mmol) in C6H5Cl 
(3 mL). In a separate vial, trityl tetrakis(pentafluorophenyl)borate (47.4 mg, 0.0514 mmol) was 
dissolved in C6H5Cl (2 mL). Triethylsilane (8.6 µL, 0.0539 mmol) was added to the bright 
yellow trityl tetrakis(pentafluorophenyl)borate solution, and allowed to stir at room temperature 
for ten minutes, over which time the solution turned colorless, indicating the in situ formation of 
silylium cation. The (15c5NMeOCOP)Pd(Cl) solution was then added to the 
[CPh3][B(C6F5)4]/Et3SiH solution at room temperature, and the reaction was allowed to stir at 
room temperature for one hour. The reaction solution was dried in vacuo to a peach solid, and 
washed rigorously with pentane. The crude product was then dissolved in ether, and filtered 
through a short alumina plug to yield a white powder (49.4 mg, 80% yield), and was 
characterized via 1H and 31P NMR. 1H NMR (400 MHz, Methylene Chloride-d2) δ 6.69 (q, J = 
8.3 Hz, 2H), 4.49 (d, J = 9.9 Hz, 2H), 4.24 (s, 2H), 3.90 (ddd, J = 16.3, 10.7, 6.3 Hz, 5H), 3.83 
(s, 4H), 3.75 (dd, J = 13.7, 10.3 Hz, 6H), 3.69 (s, 5H), 3.64 – 3.45 (m, 5H), 3.35 (dd, J = 13.5, 
3.5 Hz, 2H), 2.41 (dq, J = 13.7, 6.9 Hz, 2H), 1.46 – 1.23 (m, 12 H). 13C{1H} NMR (151 MHz, 
Methylene Chloride-d2) δ 137.00, 117.96, 111.24, 69.92, 69.30, 68.02, 67.66, 60.26, 53.78, 
53.60, 53.42, 53.24, 53.06, 29.36, 29.20, 16.78, 16.74, 16.56.  31P{1H} NMR (162 MHz, 







Figure 2.39. 1H NMR spectrum of [(15c5NMeOCOP)Pd][B(C6F5)4] in CD2Cl2. 
 














Figure 2.42. Mass spectrum of [(15c5NMeOCOP)Pd][B(C6F5)4] in positive mode. 
  
AS-3-146_cationicpd_20190628133622 #2-100 RT: 0.03-1.30 AV: 99 NL: 5.03E9
T: FTMS + p ESI Full ms [150.0000-1500.0000]




















































The addition of neutral (15c5NMeOCOP)Pd(Cl) to [(15c5NMeOCOP)Pd][B(C6F5)4 
 To probe the possible formation of bridging chloride dimers in solution, a 1:1 ratio of 
(15c5NMeOCOP)Pd(Cl) (2.3 mg, 0.0037 mmol) and [(15c5NMeOCOP)Pd][B(C6F5)4 (4.8 mg, 0.0037 
mmol) was dissolved in CD2Cl2 and transferred to a Teflon-sealed NMR tube. Only one, new Cs 
symmetric species was observed in solution by 1H NMR spectroscopy. 1H NMR (400 MHz, 
Methylene Chloride-d2) δ 6.69 (t, J = 6.3 Hz, 2H), 4.31 (s, 2H), 4.25 – 3.26 (m, 27H), 2.44 (dp, J 
= 14.0, 7.3 Hz, 2H), 1.52 – 1.13 (m, 18H).	
 
 
The addition of 0.5 equivalents [Et3Si]+ to (15c5NMeOCOP)Pd(Cl) 
A 20 mL vial was charged with (15c5NMeOCOP)Pd(Cl) (7.4 mg, 0.012 mmol) in C6H5Cl 
(0.5 mL). In a separate vial, trityl tetrakis(pentafluorophenyl)borate (5.6 mg, 0.0061 mmol) was 
dissolved in C6H5Cl (2 mL). Triethylsilane (1.0 µL, 0.0061 mmol) was added to the bright 
yellow trityl tetrakis(pentafluorophenyl)borate solution, and allowed to stir at room temperature 
for ten minutes, over which time the solution turned colorless, indicating the in situ formation of 
silylium cation. The (15c5NMeOCOP)Pd(Cl) solution was then added to the [CPh3][BArF20]/Et3SiH 
solution at room temperature, and the reaction was allowed to stir at room temperature for one 
hour. The reaction solution was dried in vacuo to a peach solid, and washed rigorously with 
pentane. The crude product was analyzed by 1H NMR spectroscopy. 1H NMR (400 MHz, 
Methylene Chloride-d2) δ 6.81 – 6.53 (m, 2H), 4.32 (s, 2H), 4.24 – 3.29 (m, 26H), 2.42 (hept, J = 

















Synthesis of [(EtNMeOCOP)Pd]+ 
A 20 mL vial was charged with (EtNMeOCOP)Pd(Cl) (30.0 mg, 0.0643 mmol) in C6H5Cl 
(4 mL). In a separate vial, trityl tetrakis(pentafluorophenyl)borate (62.3 mg, 0.0676 mmol) was 
dissolved in C6H5Cl (2 mL). Triethylsilane (11.3 µL, 0.0707 mmol) was added to the bright 
yellow trityl tetrakis(pentafluorophenyl)borate solution, and allowed to stir at room temperature 
for ten minutes, over which time the solution turned colorless, indicating the in situ formation of 
silylium cation. The (EtNMeOCOP)Pd(Cl) solution was then added to the [CPh3][B(C6F5)4]/Et3SiH 
solution at room temperature, and the reaction was allowed to stir at room temperature for one 
hour. Ether (~ 1 mL) was then added to the reaction solution, and it was dried in vacuo to a 
peach solid. The crude product was and washed rigorously with pentane, dissolved in ether, and 
then filtered through a short alumina plug to yield a white powder (53.4 mg, 75% yield), and was 
characterized via 1H and 31P NMR. 1H NMR (500 MHz, Methylene Chloride-d2) δ 6.85 – 6.61 
(m, 2H), 4.13 (s, 2H), 3.83 (d, J = 5.1 Hz, 3H), 3.03 (dtdd, J = 58.9, 29.1, 13.1, 6.8 Hz, 4H), 2.57 
– 2.33 (m, 2H), 1.56 – 1.45 (m, 6H), 1.37 (ddd, J = 24.9, 15.0, 6.9 Hz, 14H). 31P{1H} NMR (202 






Figure 2.44. 1H NMR spectrum of [(EtNMeOCOP)Pd][B(C6F5)4] species in CD2Cl2. 
 






Figure 2.46. Mass spectrum of [(EtNMeOCOP)Pd][B(C6F5)4] species in positive mode. . 
  
AS-4-181_20190522022444 #1-100 RT: 0.01-1.30 AV: 100 NL: 1.59E9
T: FTMS + p ESI Full ms [150.0000-1500.0000]


























































Synthesis of [(MeOEtNMeOCOP)Pd]+ 
A 20 mL vial was charged with (EtMeONMeOCOP)Pd(Cl) (21.8 mg, 0.0414 mmol) in C6H5Cl 
(3 mL). In a separate vial, trityl tetrakis(pentafluorophenyl)borate (37.5 mg, 0.0407 mmol) was 
dissolved in C6H5Cl (2 mL). Triethylsilane (6.5 µL, 0.0407 mmol) was added to the bright yellow 
trityl tetrakis(pentafluorophenyl)borate solution, and allowed to stir at room temperature for ten 
minutes, over which time the solution turned colorless, indicating the in situ formation of silylium 
cation. The (EtMeONMeOCOP)Pd(Cl)  solution was then added to the [CPh3][B(C6F5)4]/Et3SiH 
solution at room temperature, and the reaction was allowed to stir at room temperature for one 
hour. The reaction solution was dried in vacuo to a peach solid, and washed rigorously with 
pentane. The crude product was then dissolved in ether, and filtered through a short alumina plug 
to yield a white powder (34.8 mg, 0.0299 mmol, 73% yield), and was characterized via NMR 
spectroscopy. 1H NMR (400 MHz, Methylene Chloride-d2) δ 6.71 (s, 2H), 4.33 (s, 2H), 4.11 – 3.93 
(m, 3H), 3.84 (d, J = 4.7 Hz, 6H), 3.52 (s, 11H), 3.36 (d, J = 13.6 Hz, 3H), 2.43 (q, J = 7.1 Hz, 














Figure 2.47. 1H NMR spectrum of [(MeOEtNMeOCOP)Pd][B(C6F5)4] in CD2Cl2. 
 
 













Figure 2.50. Mass spectrum of [(MeOEtNMeOCOP)Pd][B(C6F5)4] in positive mode. 
 
  
AS-5-7_20190522023434 #1-100 RT: 0.01-1.30 AV: 100 NL: 1.99E9
T: FTMS + p ESI Full ms [150.0000-1500.0000]


















































The addition of trimethyloxonium tetrafluoroborate to (15c5NMeOCOP)Pd(Cl) 
In a nitrogen glovebox, a Teflon-sealed NMR tube was charged with 
(15c5NMeOCOP)Pd(Cl) (7.7 mg, 0.013 mmol) and [Me3O][BF4] (2.8 mg, 0.020 mmol) in CD2Cl2 
(500 µL). The reaction was monitored at 25 oC by 1H NMR spectroscopy. The production of 0.5 
equiv. chloromethane, 0.5 equiv. dimethyl ether, and one new Pd species with Cs symmetry was 
observed after 24 hours. 1H NMR (400 MHz, Methylene Chloride-d2) δ 6.68 (q, J = 8.3 Hz, 2H), 
4.32 (s, 2H), 4.09 (s, 4H), 3.89 – 3.34 (m, 20H), 3.30 (s, 2H), 3.05 (s, 1H), 2.43 (tt, J = 15.1, 7.5 
Hz, 2H), 1.52 – 1.21 (m, 14H). 
	









The addition of trimethyloxonium tetrafluoroborate to (15c5NMeOCOP)Pd(CF3) 
In a nitrogen glovebox, a Teflon-sealed NMR tube was charged with 
(15c5NMeOCOP)Pd(CF3) (3.9  mg, 0.0060 mmol) and [Me3O][BF4] (2.6 mg, 0.018 mmol) in 
CD2Cl2 (500 µL). The reaction was monitored at 25 oC by 1H NMR spectroscopy. The 
production of fluoromethane and one new Pd species with Cs symmetry was observed after 24 
hours by NMR spectroscopy 
 








Figure 2.53. 31P{1H} NMR spectrum of product from the addition of [Me3O][BF4] to 
(15c5NMeOCOP)Pd(CF3). 
 
Figure 2.53. 19F NMR (top) and 19F {1H} NMR spectra of CH3F generated from the addition of 











CHAPTER 3 – POSITIONAL OLEFIN ISOMERIZATION BY CATIONIC 
PALLADIUM PINCER COMPLEXES 
 
Introduction 
Olefin isomerization remains an important reaction in pharmaceutical chemistry, the 
fragrance and pesticides industries, as well as in petrochemical synthesis, such as the Shell 
higher olefin process.102 Three common pathways for olefin isomerization include an alkyl 
mechanism,103–107 a radical pathway,108,109 and a p-allyl mechanism that can either be base-
assisted,14,30,110,111 or proceed through formal C-H activation at the metal center, Scheme 3.1. 
102,112 While olefins comprise a powerful functionality that can be readily elaborated in organic 
synthesis, the selective installation of unsaturation stereoselectively is challenging.106 Thus, 
isomerization of a pre-existing olefin to a desired position in a substrate is desirable to garner 
synthetic diversity. Controllable catalysts with tunable rates are an attractive option to acquire 
















Our group has reported the olefin isomerization of allylbenzene by Ir-H pincer crown 
ether complexes that proceed via hydride insertion.41 In this work, Kita and Miller found that the 
k3-(15c5NCOP)Ir(H)(Cl) complex was inert towards olefin isomerization, however it was active 
upon abstraction of the chloride ligand towards the isomerization of allylbenzene (TOF 2,750 
h-1). The rate of isomerization could be tuned over two orders of magnitude via the addition of 



































π-Allyl mechanism: allylic C-H Activation














yields of b-methyl styrene with >99% E selectivity. At higher temperatures, the selectivity is 
eroded due to shifting thermodynamic distributions. 
The iridium system is proposed to follow an insertion-elimination mechanism for olefin 
isomerization, Figure 3.1. In the absence of cations, the reaction is first order in allylbenzene and 
Ir and a pre-equilibrium of allylbenzene binding to Ir is proposed, and the hemilabile macrocycle 
is proposed to facilitate substrate binding. With increasing concentrations of Li+ salt, the reaction 
becomes zero-order in allylbenzene.  
  
Figure 3.1. Hemilabile “pincer crown ether” ligand controls binding of allylbenzene. 
 
A key feature of the mechanism of cation promotion is the ability of cation–macrocycle 
interactions to facilitate substrate binding. This hypothesis is supported by an analogous cationic 
Ni pincer complex reported by Smith and Miller,39 which displayed triggered substrate-binding 


































show evidence of interaction with nickel independently, but together they effect displacement of 
the ether donor of the pendent macrocycle and formation of a cationic nitrile complex.   
Interest in exploring macrocyclic compounds of Pd is further enhanced by 
thermodynamic studies that indicate a particularly strong binding affinity for Li+ cations.101 The 
LiOTf binding affinity of pincer-crown ether complexes of iridium, nickel, palladium, and 
platinum were compared in acetonitrile, with the complex of the most electronegative metal, 
nickel, was found to have the weakest Li+ binding affinity (120 M-1), whereas the complex of the 
least electronegative metal, palladium, had the highest Li+ binding affinity (294 M-1). This 
observation is proposed to be imparted by inductive effects of the metal center,74,101 where the 
more electronegative metal centers draw electron density from the crown ether binding pocket, 
dampening their Lewis basicity towards cations in solution.  
Since Li+ cations had the highest binding affinity with macrocyclic ethers appended to 
palladium, we hypothesized that a cationic pincer crown ether palladium complex may be a good 
candidate for cation-modulated catalysis. We therefore set out to study cation-promoted olefin 
isomerization at palladium. To interrogate the role of the macrocycle in any cation promotion, 
we chose to compare the reactivity of two different cationic palladium complexes, Figure 3.2: 
one supported by a pincer-crown ether ligand containing a pendent macrocycle; and another 
supported by a simple dialkylamine-based ligand lacking pendent ether donors altogether. At the 
start of this work, synthetic efforts to prepare an iridium complex supported by dialkylamine-
based pincer ligand had been unsuccessful. Thus, the palladium system would enable this 
important comparison.  
We expected [(15c5NMeOCOP)Pd]+ to be a stable catalyst that would have tunable rates of 




expected to bind substrate readily, but it would lack catalytic rate modulation through the 
addition of cation additives, and also possibly lack stability due to the absence of a pendent 
ligand.    
 
 



































Substrate binding competes with hemilabile macrocycle
Slow Catalysis
Li+ encourages olefin binding
Fast catalysis
























No hemilabile ligands for stabilizaton
No hemilabile ligands to block substrate access
Fast catalysis
No macrocycle to bind Li+
Li+ not expected to influence rate
Fast catalysis




The cationic palladium complexes were expected to exhibit significant differences from 
the related iridium pincer-crown ether complexes.  First, the Pd complexes are square planar, 
whereas the iridium complexes are octahedral, such that the Pd complexes have a single 
macrocyclic ether donor while the Ir complexes have two. Thus, we wondered if the mechanism 
of olefin binding might be different, perhaps changing the way that cations influence the 
reaction. Second, the Pd complexes do not feature a metal hydride ligand, while the Ir complexes 
do contain a hydride. Given that these cationic palladium complexes contain no hydrides, we 
hypothesized that the [(NCOP)Pd]+ species would isomerize olefins through a p-allyl 
mechanism. This could proceed either via a PdIV allyl hydride (after allylic C–H activation), or 
via a Pd(II) allyl (after allylic deprotonation by the amine in the pincer ligand). 
Described herein are reactivity studies of [(15c5NMeOCOP)Pd]+ with allylbenzene, 2,3-
dimethyl-1-butene, and 1-hexene. Proposed carbocationic rearrangements of allylbenzene and 
2,3-dimethyl-1-butene precluded detailed kinetic analysis of these substrates. No coupling 
chemistry was observed with linear 1-hexene, however, so this substrate allowed for a 
comparative study with the dialkylamine-containing [(EtNMeOCOP)Pd]+ to interrogate the role of 
the hemilabile macrocycle of [(15c5NMeOCOP)Pd]+ in isomerization. 
Results and Discussion 
Preliminary Reactivity Studies  
 To begin our assessment of olefin isomerization, allylbenzene was selected as a 
prototypical substrate.112 Investigating this substrate would allow for direct comparison to the Ir 
pincer-crown ether system. 
 The reactivity of the macrocycle-containing complex [(15c5NMeOCOP)Pd][PF6] with 




structure was observed by 1H NMR spectroscopy. No isomerization of allylbenzene to b-
methylstyrene was observed, even after one week at room temperature. This was somewhat 
surprising, given that the Ir pincer-crown ether system does slowly isomerize allylbenzene in the 
absence of salts.41 No other reaction was observed, including no decomposition of the catalyst.  
When the same reaction of allylbenzene and [(15c5NMeOCOP)Pd][PF6] is performed in the 
presence of LiBArF4, consumption of allylbenzene in eight hours was observed by 1H NMR 
spectroscopy, along with formation of the expected isomerization product, b-methylstyrene, 
Figure 3.3. Despite the initial promise of this cation-modulated reactivity, we were surprised to 
see that the b-methylstyrene product was consumed soon after it was formed, accompanied by 
the production of a plethora of products with signals in the aliphatic region of 1H NMR spectra. 
1H NMR spectroscopic analysis after a work-up procedure led to the characterization of two 
cyclodimerized indans. These products appear to be derived from Friedel-crafts-type 
dimerization of b-methylstyrene.113–115 No dimerization or other C–C coupled products were 
observed in the previously reported Ir system, regardless of cation identity or concentration in 
solution.41 A possible explanation for the observed dimerization of b-methylstyrene could be 
trace protons or water in solution, made more Brønsted acidic from coordination to the added Li+ 
in solution.114 To support that this observed dimerization chemistry was not merely due to the 
presence of added Li+ in solution, a control reaction under the same standard conditions with no 
Pd catalyst and only Li+ was run – neither isomerization nor dimerization of allylbenzene was 







Figure 3.3. The consumption of allylbenzene (red dots) and b-methylstyrene (blue squares) in 
the presence of [(15c5NMeOCOP)Pd][PF6] (5 mM) and LiBArF4 (10 mM). 
 
 The reactivity of [(15c5NMeOCOP)Pd][B(C6F5)4] with 2,3-dimethyl-1-butene was next 
investigated, Figure 3.4. No isomerization of 2,3-dimethyl-1-butene was observed in the absence 
of Li+ cations over eight hours.  In the presence of one equivalent of Li+, on the other hand, 
isomerization of 2,3-dimethyl-1-butene to 2,3-dimethyl-2-butene proceeded to full conversion at 
room temperature in thirty minutes. The product was not stable to the reaction conditions, 
however, with extended reaction times leading to production of dimers and trimers of 2,3-
5 mM [(15c5NMeOCOP)Pd][PF6]










dimethyl-2-butene according to gas chromatography-mass spectrometry (GC-MS) analysis. 
Notably, the isomerization and dimerization chemistry of 2,3-dimethyl-1-butene are only 
observed in the presence of the Pd catalyst and Li salt – neither one of these components reacts 
with 2,3-dimethyl-1-butene in the absence of the other. 
 
  
Figure 3.4. Isomerization of 2,3-dimethylbutene.  
 
Both the allylbenzene and 2,3-dimethyl-1-butene reactions display the hallmarks of 
carbocation chemistry. The carbocationic rearrangement of substituted olefins by weakly ligated 
cationic PdII was reported by Sen and coworkers in 1988.115 Sen notes that the electron affinity 
of PdII is actually comparable to that of other main group Lewis acids, such as Zn2+ or Hg2+, and 
is notably twice that of isoelectronic metal ions IrI and RhI. However, since PdII has a smaller 
electron promotion energy than ZnII or HgII cations, it can bind olefinic substrates much more 
tightly through more efficient back-bonding.  
 If the [(15c5NMeOCOP)Pd][B(C6F5)4] catalyst was isomerizing 2,3-dimethyl-1-butene 
through a p-allyl mechanism, but was electrophilic enough to dimerize the product of 
isomerization, 2,3-dimethyl-2-butene, we postulated that in the presence of base, isomerization 
to 2,3-dimethyl-1-butene would proceed, but not the subsequent dimerization. To assess this 
hypothesis, a separate experiment monitoring the isomerization of 2,3-diemethyl-1-butene with 
5 mM [Pd]
CD2Cl2




to dimers and trimers
No reaction
Full conversion





catalytic amounts of [(15c5NMeOCOP)Pd][B(C6F5)4], Li(B(C6F5)4, and 2,6-ditertbutylpyridine was 
monitored by 1H NMR spectroscopy. The isomerization of 2,3-dimethyl-1-butene to 2,3-
dimethyl-2-butene was observed over twenty-four hours to reach 50% conversion, however no 
dimerization of the olefins was observed.116 Additionally, the formation of Pd black was 
observed. In a separate experiment, one equivalent of ditertbutylpyridine was added to 
[(15c5NMeOCOP)Pd][B(C6F5)4] in CD2Cl2. The production of Pd black and decomposition of the 
catalyst was observed. 
To avoid complications from side reactions, we sought olefins that would be less 
susceptible to carbocationic chemistry as model substrates for isomerization.  
Isomerization of 1-hexene with [(15c5NMeOCOP)Pd][B(C6F5)4]  
To investigate the rate of isomerization with [(15c5NMeOCOP)Pd][B(C6F5)4], we first 
looked at its activity in the presence of 1-hexene with no added Li+ in methylene chloride.  No 
isomerization of 1-hexene was observed by 1H NMR spectroscopy in the presence of 
[(15c5NMeOCOP)Pd][B(C6F5)4], even after one week at room temperature, Figure 3.5. Further, no 
changes were observed in the 1H NMR spectrum to indicate any change in catalyst 
concentration, structure, or olefin binding in the presence of 1-hexene.  
However, in the analogous reaction under standard conditions with the added 1 
equivalent of LiBArF4, slow isomerization of 1-hexene to cis and trans 2-hexene and 3-hexene 
was observed over the course of five days by 1H NMR spectroscopy, with a calculated TOF of 
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Figure 3.5. Isomerization of 1-hexene in the presence of [(15c5NMeOCOP)Pd][B(C6F5)4]. 
 
In order to gain insight into catalyst stability and reproducibility, four different 
isomerization reactions of varying initial [1-hexene] using two different batches of Pd catalyst in 
the presence of 1 eq LiBArF4 were monitored via 1H NMR spectroscopy. The raw data was then 
“time-adjusted” utilizing reaction progress kinetic analysis (RPKA)117 to create a visual 
comparison of reactions starting at different initial concentrations of 1-hexene. RPKA provides 
insight into catalyst stability: if the time-adjusted data overlay, it suggests that a catalyst is well-
behaved and not subject to product inhibition; however, if the data do not overlay, it suggests 
that the catalyst is either decomposing or becoming deactivated by the accumulating product. As 
can be seen in Figure 3.6, the data from all initial concentrations of 1-hexene overlay after time-
adjustment, suggesting that [(15c5NMeOCOP)Pd][B(C6F5)4] is neither deactivated by substrate nor 





Figure 3.6. Time-adjusted overlay of the isomerization of 1-hexene by 
[(15c5NMeOCOP)Pd][B(C6F5)4] (5 mM) and LiBArF4 (5 mM) shows catalyst robustness and lack 
of product inhibition. 
 
We next determined the order in 1-hexene utilizing variable time normalization analysis 
(VTNA).118,119 This analysis is done by plotting the abscissa axis normalized for time (S[1-
hexene]bDt) for reactions starting at different concentrations of 1-hexene, against the 
concentration of product, where b in the abscissa axis represents the order of 1-hexene in the 
reaction. Overlay of the data suggests that the correct order of substrate has been determined. As 
displayed in Figure 3.7, the order in 1-hexene was determined to be first order.  It was also 
determined that this reaction proceeded first order in 1-hexene by plotting the natural log of the 






Figure 3.7. VTNA treatment to determine order in 1-hexene by [(15c5NMeOCOP)Pd][B(C6F5)4] (5 
mM) and LiBArF244 (5 mM).   
 
 The order in Pd catalyst was also determined utilizing VTNA treatment of the 
isomerization kinetics in the presence of [(15c5NMeOCOP)Pd][B(C6F5)4] and one equivalent of 
LiBArF4. The isomerization of 1-hexene was examined at two different catalyst concentrations: 5 
mM Pd and 5 mM Li+, as well as 2.5 mM Pd and 2.5 mM Li+. Reasonable overlay of the two 
reactions plotted in first order for the Pd catalyst and Li+  are consistent with one discrete 







Figure 3.8. VTNA normalization to determine the order in [(15c5NMeOCOP)Pd][B(C6F5)4] 
catalyst, assuming first order in Li+. 
 
Isomerization of 1-hexene with [(EtNMeOCOP)Pd][B(C6F5)4]  
 The isomerization reactivity of the diethylamine-substituted [(EtNMeOCOP)Pd][B(C6F5)4] 
species was explored next. Isomerization of 1-hexene proceeded over the course of fifteen hours 
in the presence of [(EtNMeOCOP)Pd][B(C6F5)4] with no added salt (TOF 3.4 h-1), significantly 
faster than [(15c5NMeOCOP)Pd][B(C6F5)4] with Li+ (TOF 0.51 h-1). This is significant, since as 
stated above, no isomerization of 1-hexene was observed with the macrocycle-containing 
[(15c5NMeOCOP)Pd][B(C6F5)4] catalyst in the absence of Li+. This observation is consistent with 
the hypothesis that Li+ is required to labilize the crown ether from [(15c5NMeOCOP)Pd][B(C6F5)4] 
to allow substrate binding, whereas in the diethylamine-substituted [(EtNMeOCOP)Pd][B(C6F5)4], 




Time adjusted kinetics were also pursued with this system in order to determine the 
catalyst’s robustness. Five isomerizations under the standard reaction conditions with varying 
initial concentrations of 1-hexene and two different batches of Pd catalyst were monitored via 1H 
NMR spectroscopy. The results are shown in Figure 3.9 below, highlighting the robustness of 
this catalyst system in the absence of Li+ cations. 
 
 
Figure 3.9. Time-adjusted overlay of the isomerization of 1-hexene by 
[(EtNMeOCOP)Pd][B(C6F5)4] (5 mM) shows catalyst robustness and lack of product inhibition. 
 
The isomerization of 1-hexene in the presence of [(EtNMeOCOP)Pd][B(C6F5)4] was 













Figure 3.10. Classic treatment of the kinetics, plotting the natural log of the concentration of 
1-hexene versus time supported first order kinetics in 1-hexene.  
 
Figure 3.10. VTNA treatment of the isomerization of 1-hexene by [(EtNMeOCOP)Pd][B(C6F5)4] 
to determine the order in 1-hexene.  
 
In the presence of one equivalent of LiBArF4, isomerization of 1-hexene proceeded to 
complete conversion over the course of four days (TOF 0.68 h-1), approximately five times 





Figure 3.11. Time-adjusted overlay of the isomerization of 1-hexene by 
[(EtNMeOCOP)Pd][B(C6F5)4] (5 mM) and LiBArF4 (5 mM) shows catalyst robustness and lack of 
product inhibition. 
 
 The order in 1-hexene in the presence of [(EtNMeOCOP)Pd][B(C6F5)4] and LiBArF4 was 
determined utilizing VTNA treatment of the kinetics, where there was reasonable overlay to 
support first order kinetics in 1-hexene, as seen in Figure 3.12. Treating the data classically in 
plotting the natural log of the concentration of 1-hexene versus time, first order kinetics in 1-





Figure 3.12. VTNA treatment to determine the order of 1-hexene in the presence of 




Figure 3.13. Classic treatment to determine the order of 1-hexene in the presence of 





The slower isomerization of 1-hexene in the presence of Li+ and 
[(EtNMeOCOP)Pd][B(C6F5)4], again, is distinctly different than the isomerization of 1-hexene with 
the macrocycle-containing catalyst, [(15c5NMeOCOP)Pd][B(C6F5)4], which is activated towards 
isomerization in the presence of Li+, whereas no reactivity with olefin is observed in its absence. 
Interestingly, isomerization of 1-hexene proceeds at approximately the same rate with both the 
macrocyle-containing [(15c5NMeOCOP)Pd][B(C6F5)4] (TOF 0.51 h-1) and the dialkylamine-
containing [(EtNMeOCOP)Pd][B(C6F5)4] (TOF 0.68 h-1) in the presence of Li+. Since the 
isomerization of 1-hexene proceeds approximately five times faster (TOF 3.4 h-1) with 
[(EtNMeOCOP)Pd][B(C6F5)4]  in the absence of Li+, the comparison of the two catalysts supports 
two mechanistic possibilities: one, that Li+ is required in the macrocycle-containing system to 
allow substrate binding, and two, that Li+ impedes the isomerization of 1-hexene through some 
other mechanistic pathway in the dialkylamine-containing system. 
One hypothesis for the slower kinetics of the dialkylamine-containing 
[(EtNMeOCOP)Pd][B(C6F5)4] in the presence of Li+ was the presence of more Lewis basic donors 
in solution that would compete with 1-hexene binding due to the addition of three extra 
equivalents of ether that come with the added LiBArF4 salt. However, no differences in rates 
were observed for the isomerization of 1-hexene in the presence of [(EtNMeOCOP)Pd][B(C6F5)4] 
and two different ether concentrations (40 mM and 80 mM). Another possibility for the slower 
kinetics in the presence of Li+ could be that the basicity of the pincer’s diethylamine moiety is 





Summary and Outlook 
 The reactivity of macrocycle-containing complex [(15c5NMeOCOP)Pd][B(C6F5)4] and the 
acyclic, diethylamine-containing complex [(EtNMeOCOP)Pd][B(C6F5)4] were examined with a 
variety of olefins. In the absence of Li+ in solution, the macrocycle-containing 
[(15c5NMeOCOP)Pd]+ does not react with olefins in solution; however, in the presence of Li+, 
isomerization of allylbenzene and 2,3-dimethyl-1-butene and their subsequent dimerization were 
observed. The dimerization of 2,3-dimethyl-1-butene could be suppressed in the presence of 
base, however its isomerization only proceeded to 50% conversion along with the production of 
Pd black. Linear 1-hexene was isomerized in the presence of [(15c5NMeOCOP)Pd][B(C6F5)4] and 
Li+, and no dimerization was observed, even in the absence of base. 
 The dialkylamine-containing complex [(EtNMeOCOP)Pd][B(C6F5)4] isomerized 1-hexene 
even in the absence of Li+. This supports the hypothesis that without pendent ethers to block 
coordination of substrate, no Li+ is needed to open a coordination site on Pd. While we expected 
Li+ in solution to have minimal effect on the rate of isomerization in the presence of 
[(EtNMeOCOP)Pd][B(C6F5)4], the isomerization actually proceeded five times slower with one 
equivalent of added Li+. We tentatively propose that this may be due to Li+ coordination to the 
pendent amine, which would decrease its basicity and be expected to retard the formation of a 
Pd-allyl if proceeding through a base-assisted p-allyl mechanism, Scheme 3.2. 
While there are some similarities to the previously reported Ir-H system, there are also 
marked differences. Unlike the Ir-H catalyst, macrocycle-containing 
[(15c5NMeOCOP)Pd][B(C6F5)4] is not active towards olefin isomerization in the absence of Li+, 
while slow isomerization of allylbenzene proceeds in the presence of [k5-(15c5NCOP)Ir(H)]+ even 




butene, and 1-hexene, proceeds in the presence of catalytic amounts of Li+ and 
[(15c5NMeOCOP)Pd][B(C6F5)4]. In the case of allylbenzene and 2,3-dimethyl-1-butene, total 
consumption of the isomerized products to generate conjugated dimers is observed. This 
reactivity has not been reported with the Ir-H system, and is a hallmark of carbocationic 
rearrangement chemistry at cationic Pd.  
This work lays the foundation for investigations into macrocycle-containing 
[(15c5NMeOCOP)Pd][B(C6F5)4] reactivity towards olefins, as well as comparative reactivity of the 
dialkylamine-containing [(EtNMeOCOP)Pd][B(C6F5)4]. Dialkylamine aminophosphinite scaffolds 
could not previously be accessed on Ir, and this work provides an opportunity to interrogate the 
role of the macrocycle in catalysis relative to non-macrocycle containing analogues.  
 

















































All reactions were performed under an inert nitrogen atmosphere, utilizing standard 
vacuum line and glovebox techniques unless otherwise noted. All NMR-scale kinetic reactions 
were prepared in a glovebox and monitored in Teflon-sealed NMR tubes. Organic solvents were 
dried and degassed with argon using a Pure Process Technology solvent system and stored over 
3 Å molecular sieves. Under standard glovebox operating conditions, pentane, diethyl ether, 
benzene, toluene, and tetrahydrofuran were used without purging, so traces of those solvents 
were present in the atmosphere and in the solvent bottles. Mass spectra from gas-
chromatography mass-spectrometry were collected on a ThermoScientific Exactive GC, with a 
mass range of 30 to 700 Da, and resolution up to 50,000 at m/z 272. 1H NMR spectra were 
recorded on 400, 500, or 600 MHz spectrometers. NMR characterization data are reported at 25 
°C, unless specified otherwise. All of the NMR solvents were purchased from Cambridge 
Isotopes Laboratories. Methylene chloride-d2 (CD2Cl2) was freeze− pump−thaw-degassed three 
times, dried by passage through a small column of activated alumina, and stored over 3 Å 
molecular sieves. 1H chemical shifts are reported in parts per million relative to residual proteo 
solvent resonances. [(EtNMeOCOP)Pd[B(C6F5)4] and [(15c5NMeOCOP)Pd[B(C6F5)4] were 
synthesized according to procedures detailed in Chapter 2. LiBArF4•3Et2O was prepared 
according to literature procedure. Allylbenzene, 2,3-dimethyl-1-butene, 1-hexene, and 
mesitylene were freeze− pump−thaw-degassed three times, dried by passage through a small 
column of activated alumina, and stored over 3 Å molecular sieves. All of the other reagents 




Isomerization of allylbenzene 
A stock solution of [(15c5NMeOCOP)Pd][PF6] (10.0 mg, 0.0138 mmol) and 
hexamethylbenzene (10.0 mg, 0.0616 mmol) in CD2Cl2 (1.70 mL) was prepared. A second 
solution of LiBArF4 (11.0  mg, 0.0126 mmol) in CD2Cl2 (1.00 mL) was prepared. Two Teflon-
sealed NMR tubes were charged with 300 µL each of the Pd/hexamethylbenzene stock solution. 
To one of the tubes, was added 200 µL of the LiBArF244 solution. To the other tube was added 
200 µL CD2Cl2. To each tube was added allylbenzene (33 µL, 0.249 mmol). The tubes were 
allowed to sit at 25 oC and the reactions were monitored by 1H NMR spectroscopy. The reaction 
containing LiBArF4 was dried in vacuo after total consumption of b-methylstyrene, re-dissolved 










Figure 3.14. A representative 1H NMR in CD2Cl2 stack of the isomerization of allylbenzene by 
[(15c5NMeOCOP)Pd][PF6] and LiBArF244 (top), and the 1H NMR spectrum of two isolated indans 




Isomerization of 2,3-dimethyl-1-butene 
A stock solution of [(15c5NMeOCOP)Pd][B(C6F5)4] (13.3 mg, 0.0106 mmol) and 
mesitylene (10 µL, 0.0719 mmol) in CD2Cl2 (1.30 mL) was prepared. A second solution of 
LiB(C6F5)4 (10.6 mg, 0.0121 mmol) in CD2Cl2 (1.00 mL) was prepared. Four Teflon-sealed 
NMR tubes were charged with 300 µL each of the Pd/mesitylene stock solution. To two of the 
tubes, was added 200 µL of the LiB(C6F5)4 solution. To one of these tubes was added 
ditertbutylpyridine (0.5 µL, 0.002 mmol). To the remaining two tubes was added 200 µL 
CD2Cl2. To one of these tubes was added ditertbutylpyridine (0.5 µL, 0.002 mmol). To each tube 
was added 2,3-dimethyl-1-butene (30 µL, 0.248 mmol). The tubes were allowed to sit at 25 oC 
and the reactions were monitored by 1H NMR spectroscopy.  
 
 
Figure 3.15. Mass spectrum of dimers (m/z 168.18724) and trimers (m/z 252.28119) of 2,3-




General procedure for the isomerization of 1-hexene  
A 12.5 mM stock solution of [(15c5NMeOCOP)Pd][B(C6F5)4] in CH2Cl2 was prepared, and 
200 µL aliquots were added to 4 mL vials and dried in vacuo. Similarly, a 12.5 mM stock 
solution of LiBArF4 in CH2Cl2 was prepared. Aliquots (200 µL) were added separate 4 mL vials 
and dried in vacuo. A stock solution of mesitylene (50 mM) and diethyl ether (70 mM) was 
prepared in CD2Cl2. To each dried sample of Pd catalyst was added 500 µL of the 
mesitylene/ether/CD2Cl2 stock solution, followed by the addition of 1-hexene (30 µL, 0.239 
mmol). The solutions were quickly mixed, and then transferred to Teflon-sealed NMR tubes. For 
reactions following the kinetics in the presence of LiBArF4, the solutions were quickly 
transferred to the vials containing the dried LiBArF4 after mixing, and then transferred to Teflon-
sealed NMR tubes. The final concentrations of reagents in each tube were 5 mM Pd, 5 mM Li+, 
50 mM mesitylene, 70 mM diethyl ether, and 500 mM 1-hexene. The reactions were monitored 






Figure 3.16. Representative 1H NMR spectra in CD2Cl2 from in situ monitoring of the 










CHAPTER 4 – OLIGOMERIZATION AND POLYMERIZATON OF ETHYLIDENE 
NORBORNENE BY CATIONIC PALLADIUM AND NICKEL ALLYL CATALYSTS 
 
Introduction 
Oligomers derived from alkenes have found industrial application in a range of materials 
and commodity chemical streams, including surfactants, lubricants, resins, and adhesives.120,121  
The physical properties of low molecular weight oligomers are particularly affected by their 
chain length, where even the addition of a few monomer units can have significant impact on a 
material’s glass transition temperature.122 Selective formation of oligomers of a given chain 
length is challenging, and distinct strategies are likely required for effective control over the 
chain-length of oligomers derived from different monomers. 
The controlled oligomerization of norbornene derivatives via a coordination-insertion 
mechanism poses a challenge because catalysts operating by this mechanism produce extremely 
high molecular weight poly(norbornene).123–129  High molecular weights are the result of 
exceptionally slow b-hydride elimination relative to chain propagation in the metal bicyclic alkyl 
intermediates. Various methods121,130 have been reported for production of norbornene-based 
oligomers, particularly those based on dicyclopentadiene, which find applications including 
resins.131,132 However, such methods frequently suffer from poor control of molecular weights, 
low yields, and harsh reaction conditions. In addition, the scope of monomers examined has been 





Several features of 5-ethylidene-2-norbornene (ENB) motivated a study to develop and 
operationally-simple methods for coordination-insertion oligomerization. First, ENB is readily 
available since it is used as a crossing-linking agent in ethylene propylene diene monomer 
(EPDM) rubber production.133,134 ENB is easily prepared by Diels-Alder reaction of 1,3 
butadiene with cyclopentadiene to yield 2-vinylnorbornene which is then isomerized to an E:Z 
isomeric mixture (5:1). Second, the oligomerization of ENB is greatly underexplored relative to 
norbornene itself and dicyclopentadiene; the rigid bicyclic repeat units of oligomeric ENB 
should provide similar physical properties to oligomeric norbornene and DCPD. Third, the 
ethylidene functionality contained in every repeat unit would facilitate incorporation of a range 
of functional groups into these oligomers including, for example, hydroxy, epoxy, halo and 
carbonato groups.135,136 Hydroxy-functionalized oligomers should exhibit enhanced solubility in 
polar or even aqueous solvents while introduction of halides could enhance optoelectronic 
properties. Generation of functionalized oligomers is noteworthy in light of the general problem 
confronted by metal-catalyzed oligomerization/polymerization of functionalized olefins where 
Lewis basic groups can inhibit catalysis through coordination to the electrophilic catalyst. 137 
138,139 
 To access ENB-derived oligomers of low molecular weight, we envisioned a strategy 
that would increase the rate of chain termination in an active ENB polymerization catalyst. The 
polymerization of norbornenes typically proceeds by one of three distinct mechanisms: ring 
opening metathesis polymerization (ROMP), cationic initiation, or coordination-insertion, 









 Scheme 4.1. Three different mechanisms produce three distinct ENB polymer structures. Only 
coordination/insertion polymerizaiton maintains both the bicyclic structure and vinylic 
functionality. 
 
ROMP produces ring-opened materials with unsaturated linkages and a cyclopentane 
core, eliminating the potential advantages of materials properties gained with rigid bicyclic 
cores. Cationic polymerization has been reported to create linkages indiscriminately, including 
crosslinking through the ethylidene unit, generating insoluble and nonuniform materials.141 
Consequently, norbornene (NB) polymerizations that proceed via cationic mechanisms often are 
unwieldy and do not allow for facile control over product molecular weight.123,137 Therefore, 
only the coordination/insertion mechanism maintains the bicyclic structure and vinylic 
functionality of ENB.123 To achieve controlled access to ENB-derived oligomers of low 
molecular weight, we pursued a strategy that would increase the rate of chain termination 












Goodall and coworkers,142–144 Brookhart and coworkers,54,55 and others126–129 have shown 
that cationic Ni and Pd complexes are excellent coordination/insertion catalysts for the 
polymerization of norbornene. Comparatively little work has been reported on metal-catalyzed 
polymerizations of ENB.140,141,145–148  
Goodall has pioneered a strategy in which a-olefins can function as chain transfer agents 
in the coordination/insertion polymerization of norbornenes and thus modulate the molecular 
weights of the resultant polymers.143,149,150   a-Olefin insertion into an intermediate metal-
bicyclic alkyl metal complex yields a linear alkyl metal species that readily undergoes b-
elimination to provide a polymer bearing an olefinic end group, Scheme 4.2. The effectiveness of 
the a-olefin chain transfer reagent in reducing molecular weights will depend on the relative 
rates of insertion of the a-olefin versus the norbornene monomer. Goodall has shown that a-
olefins can effectively curtail growing NB polymer chains during polymerization by well-studied 
Ni(II)-allyl-derived catalysts,142 but the production of oligomers with molecular weights less than 
5,000 Da remains a significant challenge as very high a-olefin:norbornene feeds are required in 











Scheme 4.2. Chain transfer of a-olefins clips growing polyNB chain via chain transfer.  
 
In order to alter the reactivity ratios of a-olefin:ENB to favor light oligomers, we targeted 
binding a bulky ligand to the Ni(II) or Pd(II) center, which we reasoned would produce a catalyst 
with a less accessible active site and therefore enhance the relative reactivity of the less 
encumbered a-olefin and result in easier access to low Mn (number-average molecular weight) 
oligomers. 149 ,150  We therefore paired known mesitylene-capped cationic Ni and Pd allyl 
catalysts54 with bulky tertiary phosphine supporting ligands and used a-olefins as chain transfer 
agents to target controlled generation of low molecular weight oligomers derived from ENB.  
The catalyst system reported here generates ENB-derived oligomers with molecular 





















and Pd systems offer complementary reactivity patterns, enabling access to low molecular 
weight materials with high glass transition temperatures.  
Results and Discussion 
Homopolymerization of Ethylidene Norbornene by Cationic Palladium Catalysts 
The targeted approach to low molecular weight norbornene-derived oligomers requires a 
catalyst that undergoes well-behaved coordination/insertion polymerization of ENB. The 
palladium precatalyst [(mes)Pd(allyl)][PF6] was selected for initial studies because it does not 
require an activator and can be used in conjunction with various tertiary phosphine ligands. After 
synthesizing the precatalyst [(mes)Pd(allyl)][PF6] according to literature methods,54 the 
homopolymerization of ENB was investigated to establish the viability of this catalyst system for 
later use with a-olefin chain transfer agents. 
  
Scheme 4.3. Homopolymerization of ENB (250 mM) catalyzed by [(mes)Pd(allyl)][PF6] (1 mM) 
in CH2Cl2 at 25 oC ± 1 oC for two hours, and quenched with methanol.  
 
A solution of 250 mM ENB in CH2Cl2 was charged under nitrogen with 1 mM 
[(mes)Pd(allyl)][PF6], and was allowed to stir at room temperature for two hours, Scheme 4.3. 
After two hours, a 100 µL aliquot of the reaction was removed, transferred to an NMR tube, and 
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standard, and 10 µL methanol to quench the reaction, and the conversion of ENB was 
determined via 1H NMR spectroscopy against the mesitylene internal standard. For bulk analysis 
including gel permeation chromatography (GPC), the polymer was precipitated with methanol, 
washed vigorously with additional methanol, and dried in vacuo. The product was analyzed by 
GPC in THF.  We found the homopolymerization of ENB with [(mes)Pd(allyl)][PF6] proceeded 
to very low conversion (~20%), with the resulting polymer having an Mn of ~1100, and a large 
(polydispersity index) PDI of 2.6, indicating poor catalyst control. 
The arene-capped palladium precatalyst was then examined in the presence of tertiary 
phosphine ligands. Adding [(mes)Pd(allyl)][PF6] and one equivalent of PtBu3 to a 250 mM ENB 
solution in CH2Cl2 resulted in complete conversion to high molecular weight polymer (Mn 
~42,000, PDI 1.3) after 2 hours (Scheme 4.4). Encouraged by the improved catalytic control 
afforded by PtBu3, several other tertiary phosphine ligands were screened, as summarized in 
Scheme 4.4. The effect of different supporting ligands in solution with [(mes)Pd(allyl)][PF6] was 
investigated using three phosphines of increasing cone angles: PEt3 (132 o), PPh3 (145 o), and 
PtBu3 (182 o). All reactions with one equivalent of added PR3 proceeded to full conversion within 
2 hours at room temperature. The Mn values of the resultant polymers were ca. 42,000 Da for the 








 PtBu3 (182 o) PPh3 (145 o) PEt3 (132 o) 
1 mM Mn 42,000 Da 
PDI 1.3 
Mn 22,000 Da 
PDI 2.7 
Mn 140,000 Da 
PDI 1.2 




Scheme 4.4. Homopolymerization of ENB (250 mM) catalyzed by [(mes)Pd(allyl)][PF6] (1 mM) 
and PR3 (1 or 2 mM) mixture in CH2Cl2 at 25 oC ± 1 oC for two hours. Reactions were quenched 
with methanol, and analyzed by NMR spectroscopy and GPC. The table shows the Mn of the 
resultant polymer materials. All reactions proceeded to full conversion, unless otherwise denoted 
“nr” for “no reaction.” Reactions were quenched, precipitated, and washed with methanol, and 
dried in vacuo. Products were analyzed by NMR spectroscopy and GPC. 
 
No poly(ENB) was observed when [(mes)Pd(allyl)][PF6] was used in conjunction with 
two equivalents of PPh3 or PEt3, presumably due to a second equivalent of PR3 binding to Pd and 
thus blocking substrate access to the metal center. On the other hand, the conversion and 
polymer molecular weights were nearly identical regardless of whether one or two equivalents of 
PtBu3 was added. These findings suggest that PtBu3 is too bulky to allow for two phosphines to 
coordinate to Pd, whereas binding a second equivalent of PEt3 or PPh3 poisons the catalyst. 
Therefore, subsequent studies focused on PtBu3 as a supporting ligand.  
To avoid complications from free ligand in solution, a well-defined phosphine-substituted 
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Nozaki and co-workers to undergo chloride abstraction by NaBArF4 in situ to yield an active 
cationic catalyst for the homopolymerization of norbornene.151 Homopolymerization of ENB 
with the (PtBu3)PdMeCl/NaBArF4 catalyst system showed analogous reactivity to the 
[(mes)Pd(allyl)][PF6]/PtBu3 catalyst system, likely indicating access to the same active species. 
Four parallel homopolymerization reactions using (PtBu3)PdMeCl/NaBArF4 (1 mM) and variable 
concentrations of ENB (250 – 1000 mM) were carried out in CH2Cl2 at room temperature. 
Complete conversion of ENB occurred within five minutes under these conditions, on the basis 
of 1H NMR spectroscopic monitoring. Methanol was added to the reaction solutions to quench 
the reaction and precipitate polymer. To remove the Pd catalyst, the precipitated polymers were 
dissolved in toluene at room temperature, filtered through a short glass plug, and dried in vacuo 
to afford off-white powders. The resulting polymers are soluble in toluene, dichloromethane, and 
tetrahydrofuran, allowing for solution characterization by NMR spectroscopy and GPC.  
The 1H NMR spectra of the ENB-derived polymers feature a broad resonance at d 5.2 
that corresponds to an intact ethylidene unit, and integrates roughly 1:12 against the broad 
aliphatic resonances between d 1.0 – 3.1, as would be expected for the ENB homopolymer.  
Broad resonances in the 13C{1H} NMR spectrum at d 147 and d 112 also indicated retention of 
the ethylidene units throughout the homopolymer.  Little or no cross-linking is apparent, on the 
basis of the materials’ high solubility in aromatic solvents as well as the spectroscopic detection 
of ethylidene units. The GPC chromatogram showed that each of the four polymers had narrow 
PDI values ca. 1.1, and Mn increased with increasing initial concentration of ENB (Figure 4.1).  
The molecular weight increased with increased concentration of monomer, Figure 4.1, consistent 








Figure 4.1. Number-averaged molecular weight (Mn) as a function of ENB concentration in the 
homopolymerization of ENB by (PtBu3)PdMeCl/NaBArF4. Conditions: 250 – 1000 mM ENB, 1 






25 oC, 2 hr
250 - 1000 mM
100% conversion
Mn 25,000 - 100,000
1 mM NaBArF4









The controlled character of this homopolymerization was further corroborated by 
monitoring the Mn as a function of conversion. Dichloromethane solutions containing 250 mM 
ENB and 1 mM (PtBu3)PdMeCl were initiated with 1 mM NaBArF4 and quenched at different 
times over the course of ten minutes (See Experimental Section). The Mn increases linearly as a 
function of percent conversion, again suggesting a highly controlled polymerization, Figure 4.2. 
 
 
Figure 4.2. Polymer Mn values increase linearly with conversion. Red circles denote the 
relationship of Mn as a function of % conversion, and blue circles show the relationship between 
PDI and % conversion. Conditions: 250 mM ENB, 1 mM (PtBu3)PdMeCl/NaBArF4, two hours at 






Controlling Molecular Weight in Palladium-Catalyzed Ethylidene Norbornene 
Enchainment 
 
With a well-defined ENB polymerization system in hand, we targeted a-olefins as chain 
transfer agents. Whereas the bulky, geometrically constrained metal-bicyclic metal alkyl 
complex formed upon ENB insertion does not undergo b-hydride elimination rapidly (as 
evidenced by the controlled homopolymerization to high molecular weight), the flexible linear 
metal alkyl complex formed upon a-olefin insertion was expected to undergo extremely rapid b-
hydride elimination from the cationic Pd center. This elimination process would terminate the 
poly(norbornene) chain producing a polymer bearing a single terminal alkene unit, as well 
generate a metal hydride species that can re-enter the catalytic cycle. This strategy has proved 
fruitful in the case of high molecular weight parent norbornene polymerizations.144,149,150   
A liquid a-olefin, 1-hexene was selected as an initial chain transfer agent because the 
concentration can be varied easily, enabling investigations into the effect of the concentration of 
chain transfer agent on polymer molecular weight.  
Four polymerizations of ENB (250 mM) catalyzed by (PtBu3)PdMeCl/NaBArF4 (1 mM) 
were run in the presence of 30, 50, 80, and 250 mM 1-hexene. All four polymerizations 
proceeded to full conversion of ENB within two hours at room temperature. The standard 
workup was followed by NMR and GPC analysis.  As shown in Figure 4.3, a decrease in Mn was 
observed as the concentration of 1-hexene in solution increased from 30 mM to 250 mM.  The 
PDI increased with increasing 1-hexene concentration, consistent with increased chain transfer at 
high a-olefin concentrations. Of note, when the concentration of 1-hexene is 250 mM (a 1:1 ratio 





Da, approximately half the Mn of the ENB homopolymer prepared in the absence of chain-




Figure 4.3. Mn increases with decreasing [1-hexene]. Red circles denote the relationship of Mn as 
a function of initial concentration of 1-hexene, and blue circles show the relationship between 
PDI and the initial concentration of 1-hexene.  Conditions: 250 mM ENB, 1 mM 






25 oC, 2 hr
250 mM
100% conversion
Mn 10,000 - 20,000
1 mM NaBArF4
PDI = 1.1 - 1.4









   
Scheme 4.5. Ethylene as a chain transfer reagent leads to low ENB conversion. Conditions: 250 
mM ENB, 1 mM (PtBu3)PdMeCl/NaBArF4, and 1 atm C2H4, two hours at 25 oC ± 1 oC.  
 
We hypothesized that the less bulky chain transfer agent, ethylene, would insert more 
rapidly into the Pd-alkyl intermediate than 1-hexene and thus be more efficient to curtail chain 
growth to give lower molecular weight oligomers. A CH2Cl2 solution of (PtBu3)PdMeCl and 
NaBArF4 was added to an ethylene-saturated CH2Cl2 solution (~215 mM C2H4 based on an 
independent measurement, see Experimental) containing 250 mM ENB, and the reaction was 
allowed to stir for two hours at room temperature, Scheme 4.5. The yellow reaction solution 
turned dark brown, presumably due to the formation of Pd black. This observation stands in 
contrast to ENB homopolymerizations and ENB/1-hexene oligomerizations, which retained a 
yellow color throughout the polymerization reaction without any visible formation of Pd black. 
Consistent with catalyst decomposition, only ~30% conversion of ENB was observed. The 
resulting ethylene-terminated oligomer did, however, feature a significantly lower molecular 
weight (Mn ~ 1,000, PDI ~1.4) than the homopolymer prepared under a nitrogen atmosphere (Mn 
~ 25,000, PDI ~1.1) and the hexene-terminated oligomer prepared with 250 mM 1-hexene (Mn ~ 
10,000, PDI ~ 1.4). The ethylene-derived vinylic chain-ends were apparent by 1H NMR 





















Oligomeric ENB fragments containing a C2H4 fragment plus a proton could be observed from 
dimers (m/z 269.22) to 16-mers (m/z 1951.54).  
The role of ethylene in promoting catalyst decomposition was probed in the absence of 
ENB. When a Teflon-sealed NMR tube containing (PtBu3)PdMeCl and NaBArF4 in CD2Cl2 was 
charged with 1 atm ethylene, an immediate color change from bright yellow to dark brown was 
observed within a few seconds of the ethylene addition. The 1H NMR spectrum revealed 
decomposition of the Pd catalyst, as reflected by the presence of free PtBu3.  
Despite a promising reduction in Mn under ethylene, the low conversion (30%) and 
catalyst decomposition led us to consider alternative catalysts for accessing ENB-derived 
oligomers with molecular weights under 1,000 Da.  Cationic allyl Ni complexes were pursued to 
achieve low molecular weight oligomers and to afford an opportunity to compare the reactivity 
trends in structurally analogous first-row and second-row transition metal catalysts. 
Homopolymerization of Ethylidene Norbornene by [(mes)Ni(Me-allyl)][BArF4] 
The nickel precatalyst [(mes)Ni(Me-allyl)][BArF4], a close analogue of the cationic 
palladium system under study, was pursued on the basis of promising polymerization of 1,3-
dienes,55 and its known activity towards the formation of butenes in the presence of ethylene. 
Like the palladium system, [(mes)Ni(Me-allyl)][BArF4] enables facile screening of supporting 
ligands.  
The homopolymerization of ENB by [(mes)Ni(Me-allyl)][BArF4] was pursued initially. A 
flask was charged with 250 mM ENB in CH2Cl2, followed by addition of 1 mM catalyst. The 
reaction was allowed to stir at room temperature for two hours, after which it was quenched with 
methanol, followed by the standard workup, NMR analysis, and GPC analysis. The reaction was 





producing a material of Mn = 2,200 Da. The low conversion could possibly be attributed to 
chelation of the diolefin monomer to Ni, which has been suggested for other similar catalysts 
based on palladium.140  
To test this hypothesis, a homopolymerization of norbornene (NB) with [(mes)Ni(Me-
allyl)][BArF4]  was then carried out under general conditions. Polymer precipitated within 10 
minutes after charging the reaction tube with the Ni catalyst, but the reaction was allowed to stir 
for a total of two hours at room temperature per standard conditions, after which it was quenched 
with methanol and worked up according to standard procedures. Total consumption of NB was 
observed by 1H NMR spectroscopy; however, the product polymer was insoluble in chlorinated, 
alkane, and ether solvents, preventing further physical characterization.  
Notably, the homopolymerization of ENB with [(mes)Pd(allyl)][PF6] also went to low 
conversion, only consuming 20% of the monomer. However, NB was also found to be totally 
consumed in the presence [(mes)Pd(allyl)][PF6], similarly precipitating polymer shortly after the 
reaction was initiated with the addition of Pd. Similarly, this product was not soluble, and 
prevented further physical characterization. These results show that both [(mes)Ni(Me-
allyl)][BArF4] and [(mes)Pd(allyl)][PF6] are much more active towards the homopolymerization 
of NB, a monomer with only one olefinic group, than ENB, a diolefin. Although not definitive, 
these observations support that chelation of ENB to Ni or Pd may explain their lower activities 
with ENB relative to unsubstituted NB.  
Since the activity of [(mes)Pd(allyl)][PF6] towards ENB increased in the presence of 
phosphines, the influence of tertiary phosphine supporting ligands on the activity of 
[(mes)Ni(Me-allyl)][BArF4] was examined. Under the general conditions described above, but in 





oligomers (Mn = 1,100). Improved activity was also observed in the presence of 1 equiv PPh3 or 
PEt3, as shown in Table 4.1. The Mn values ranged from 1,100 to 7,400 Da, without clearly 
correlating with the steric bulk of the phosphine ligand (Table 4.1).  
 
Table 4.1. Influence of PR3 identity and concentration of ENB homopolymer Mn (Da). 
Conditions: 250 mM ENB, 1 mM [(mes)Ni(Me-allyl)][BArF4] and PR3 (1 or 2 mM) mixture in 





PtBu3 PPh3 PEt3 
1 mM Mn 1,100,  
Mw 2,000 
61% conversion 
Mn 7,400,  
Mw 11,000 
55% conversion 
Mn 4,900,  
Mw 1,500 
56% conversion 
2 mM Mn 1,200,  
Mw 2,100 
52% conversion 
Mn 330,  
Mw 360 
30% conversion 





The same experiments were also carried out with two equivalents of phosphine ligand. 
The bulkiest phosphine, PtBu3, showed similar activity with either 1 or 2 equivalents of added 
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the conversion of ENB from 60% to 30%, while also leading to shorter oligomers. The 
palladium-based catalysts exhibited similar reactivity trends: 1 equivalent of PR3 improved 
activity (higher conversion), and 2 equivalents of PR3 were only tolerated for the bulky ligand 
PtBu3.  
Controlling Molecular Weight in Nickel-Catalyzed Ethylidene Norbornene Enchainment 
Despite the poor ENB homopolymerization reactivity, [(mes)Ni(Me-allyl)][BArF4] was 
explored in the presence of ethylene as a possible chain transfer agent. A solution of 250 mM 
ENB in CH2Cl2 under 1 atm ethylene was charged with [(mes)Ni(Me-allyl)][BArF4] and allowed 
to stir at room temperature for two hours, Scheme 4.6. Spectroscopic analysis revealed full 
conversion of ENB, a stark contrast to the analogous reaction in the absence of ethylene. 
Quenching with methanol and drying in vacuo afforded white powder with Mn ~ 900 Da, as 
determined by GPC. The 1H NMR spectrum featured broad resonances centered around d 5.0 
and d 5.2 corresponding to intact ethylidene units, as well as a broad resonance at d 5.8 
corresponding to the vinyl chain-end. By atmospheric-pressure chemical-ionization mass 
spectrometry (MS-APCI), masses corresponding to ethylene-capped ENB dimers (269.23) up to 
decamers (m/z 1258.01) were observed. An analogous reaction with unsubstituted NB showed 
that full conversion of NB was also achieved to produce ethylene-terminated oligomers, albeit 
with an Mn of 2000 Da – twice the Mn of the ENB oligomers produced under the same 
conditions, (See Experimental Section). This result is consistent with NB inserting faster relative 
to ENB prior to ethylene insertion. Although ENB chelation is suspected to impede Ni catalysis 
in homopolymerizations, high conversions in the presence of ethylene may be due to its 






Scheme 4.6. Quantitative production of oligomers (Mn 900 Da) in the presence of 1 atm C2H4. 
Conditions: 250 mM ENB, 1 mM [(mes)Ni(Me-Allyl)][BArF4], 1 atm C2H4, stirred for two hours 
at 25 oC ± 1 oC.  
 
With a promising initial reaction in hand, we sought to vary conditions to tune the 
average molecular weight of the oligomer. The average degree of oligomerization should be 
sensitive to the ENB/C2H4 ratio, with lower ratios favoring more chain termination and thus 
smaller oligomers. To test this theory, the initial concentration of ENB was changed from 250 
mM to 125 mM, with room temperature nickel-catalyzed oligomerization proceeding cleanly to 























Scheme 4.7. Increased C2H4 pressure decreases ENB oligomer chain length. Conditions: 250 
mM ENB, 1 mM [(mes)Ni(Me-allyl)][BArF4], 200 psi C2H4, stirred for two hours at 25 oC ± 1 
oC. 
 
To increase the concentration of ethylene, a nickel-catalyzed oligomerization was carried 
out at 0 oC in an ethylene-saturated solution under 1 atm ethylene. The reaction again proceeded 
in high yield, but no significant change in the number-averaged molecular weight was observed 
relative to the room temperature conditions (Mn = 900 Da). Operating at elevated ethylene 
pressure would also increase the concentration of the chain transfer agent relative to ENB. To 
this end, a Parr reactor was charged with an ethylene-saturated 250 mM ENB solution in CH2Cl2, 
followed by addition of [(mes)Ni(Me-allyl)][BArF4], and immediate pressurization to 200 psi 
ethylene, Scheme 4.7. After stirring for two hours at room temperature, the reaction proceeded to 
ca. 80% conversion of ENB. Approximately 350 mM 1-butene was apparent by 1H NMR 
spectroscopy, formed via ethylene dimerization that is not significant at 1 atm ethylene under 
these conditions. The Mn value of this oligomeric material produced was too low to be detected 
by GPC, showing that the elevated ethylene pressure successfully shortened the chain length 
compared to the reaction under 1 atm ethylene. By mass spectrometry, the major species were 
ethylene-capped dimers of ENB (m/z 269.23), while the second most abundant species were 
butene-capped trimers of ENB (m/z 417.35). We propose that the butene-coupled oligomers are 
the product of a second insertion of ethylene into the growing ENB chain prior to b-hydride 
CH2Cl2
1 mM














elimination, due to the lack of evidence for internal olefin chain-ends in the 13C{1H} NMR and 
1H NMR spectra.  
 To better understand the role of chain transfer agent in Ni ENB polymerizations, a 
concentration dependence with 1-hexene was studied. Under a nitrogen atmosphere, four vials 
were charged with ENB in dichloromethane (250 mM) and varying amounts of 1-hexene (30 
mM, 50 mM, 80 mM, and 250 mM, respectively). The vials were then charged with 1 mM 
[(mes)Ni(Me-allyl)][BArF4] and allowed to stir at room temperature for two hours before 
standard workup and characterization. GPC analysis of the four materials shows that shorter 
oligomers are produced with increasing initial concentrations of 1-hexene, where the lowest 
molecular weight oligomers (Mn ~ 1000 Da) result from the highest ratio of chain transfer agent 
to monomer (1-hexene:ENB ~1:1). A broad resonance at d 5.2 in the 1H NMR spectrum 
corresponds to intact ethylidene units and a broad resonance from d 1.0 - 3.0 corresponds to the 
oligomers’ bicyclic aliphatic backbone. Another broad singlet around d 0.9 corresponding to a 
methyl group on the hexene chain-end is observed in the 1H NMR spectrum. The ratio of the 
terminal methyl resonance to the broad aliphatic resonances increases with decreasing oligomer 
weight, as would be expected. The 13C{1H} NMR spectrum reveals that the hexene chain-end 









Figure 4.4. Mn decreases with increasing [1-hexene] (red circles), and shorter oligomers are 
obtained in the presence of a PPh3 co-ligand (blue circles). Conditions: 250 mM ENB, 1 mM 
[(mes)Ni(Me-allyl)][BArF4] and 0 or 1 mM PPh3. 30, 50, 80, or 250 mM 1-hexene in CH2Cl2, 
stirred for two hours at 25 oC ± 1 oC.  
 
Figure 4.4 shows the relationship between oligomer Mn and the initial concentration of 1-
hexene, which illustrates that increasing the concentration of 1-hexene produces materials with 
CH2Cl2
1 mM
25 oC, 2 or 24 hr
250 mM
0 or 1 mM PPh3
n
30 - 250 mM 1-hexene
No PPh3 -  80% conversion







lower Mn. Interestingly, these reactions only achieved ca. 50% conversion (in contrast to the 
nearly quantitative conversion seen with ethylene). Binding and insertion of 1-hexene may be 
slow relative to the smaller ethylene. Allowing reactions containing 30 mM or 80 mM 1-hexene 
to stir at room temperature for twenty-four hours led to increased ENB conversion (~80%), 
maintaining the same distribution of oligomers (See Experimental Section).  
 
Table 4.2. Concentration of dimer increases with increasing PR3 cone angle. 











1 mM PPh3 
(145o) 
100% <500  <500 269.22507 
1 mM PMePh2 
(136o) 
100% <500  <500 389.31867 
1 mM PEt3 
(132o) 
77% <500 <500 389.31867 
 
Including phosphine supporting ligands during ethylene-terminated oligomerization by 
[(mes)Ni(Me-allyl)][BArF4] leads to high yields of light ENB-derived oligomers. An ethylene-


















[(mes)Ni(Me-allyl)][BArF4] and 1 equiv PR3 (PR3 = PPh3, PMePh2, PEt3). As shown in Table 
4.2, all of the reactions proceeded to high conversion and produced tacky oligomeric materials 
with molecular weights below the molecular weight cutoff of the GPC columns. MS-APCI 
analysis revealed the materials to be predominantly composed of ethylene-coupled dimers and 
trimers of ENB. When the smaller ligand PMePh2 was utilized, mostly trimers were produced; 
when the larger ligand PPh3 was utilized there were substantially more dimers than trimers.  
Chain termination with 1-hexene was investigated next for the Ni/PR3 ENB 
oligomerization catalyst system. Parallel reactions were carried out in CH2Cl2 containing 250 
mM ENB, varying amounts of 1-hexene, and the [(mes)Ni(Me-Allyl)][BArF4]/PPh3 catalyst 
system (1 mM of each catalyst component). The reactions proceed to approximately 60-70% 
conversion after 2 hours (See Experimental Section). Nearly quantitative conversion of ENB was 
observed in reactions that were allowed to stir at room temperature for 24 hours. The reactions 
were quenched with methanol, and dried in vacuo, and analyzed by NMR spectroscopy, mass 
spectrometry, and GPC. The resulting materials produced from this catalyst system closely 
resembled those produced in the presence of PR3 by NMR spectroscopy. Notable features in the 
1H NMR and 13C{1H} NMR spectra indicate a hexene chain-end. Furthermore, MS-APCI 
spectra of these materials revealed masses corresponding to hexene-terminated oligo(ENB). By 
GPC analysis, the materials produced in the presence of PPh3 were significantly lighter than 
those produced without phosphine, Figure 4.4, where all had Mn < 1,000 Da (Figure 4.4). These 
results suggest that chain transfer occurs more readily in the presence of bulky PR3 co-ligands to 
make shorter oligomers.  
 Figure 4.4 (above) shows that higher initial concentrations of 1-hexene give rise to 





circles). In the presence of PPh3, however, the oligomer Mn values are reduced by approximately 
a factor of three relative to the oligomers produced by the allyl Ni catalyst alone. This appears to 
be the result of to a change in the relative binding affinity of ENB vs. 1-hexene to favor a-olefin 
association and chain termination at the bulkier catalyst containing a PR3 ligand.  
Comparing Catalytic Reactivity Trends of the Nickel and Palladium Systems 
 The nickel- and palladium-based catalyst systems exhibit a few distinct reactivity 
patterns. One similarity is that both the arene-capped Ni and Pd allyl catalysts exhibit low 
activity for ENB homopolymerization alone, but give improved ENB conversion in the presence 
of a tertiary phosphine supporting ligand. The products of the PR3-supported 
homopolymerization are distinct, however: the Pd system produces high molecular weight 
polymers with narrow polydispersity and behaves as a highly controlled catalyst system. 
Depending on the ratio of catalyst to monomer, poly(ENB) was prepared with Mn between 
22,000 and 136,000 Da.  In contrast, the Ni system does not homopolymerize ENB in a 
controlled manner, instead producing oligomers with broader polydispersity and short chains (Mn 
between 4,900 and 7,400 Da).  
In the presence of ethylene, the palladium catalysts rapidly decompose to Pd black, even 
in the presence of PR3. Conversely, the activity of the cationic allyl Ni catalyst increases in the 
presence of ethylene, giving quantitative conversion of ENB to low molecular weight oligomers 
with oligomer chain length depending on the ratio of monomer to ethylene in the system.  
The positive influence of phosphine supporting ligands in the nickel system was 
surprising, given that many Ni(allyl)(halide) dimers are unstable in the presence of phosphine 
ligands152 at room-temperature, and that previous reports suggested that Ni-catalyzed norbornene 





catalyst stability: addition of PR3 to CH2Cl2 solutions of [(mes)Ni(Me-allyl)]+ leads to 
decomposition, but that addition of PR3 to a CH2Cl2 solution of ENB followed by addition of 
[(mes)Ni(Me-allyl)]+ leads to clean and controlled reactivity.  
Physical properties of ENB-derived materials 
Part of the motivation for preparing ENB-derived oligomers and polymers with 
controllable molecular weight is the promise of unusual and valuable materials properties 
provided by the rigid bicyclic cores of hydrocarbon chains. Varying the chain length and chain 
end composition through a combination of chain transfer agents and PR3 supporting ligands was 
aimed at providing access to materials with a wide range of physical properties. As described by 
the Flory-Fox equation,122 the glass transition temperature (Tg) of a given polymer is related to 
its Mn. As the chain length and molecular weight of a polymer increases, it approaches its 
theoretical maximum Tg. Given our ability to prepare oligomers and high polymers ranging from 
Mn ca. 270 to 100,000 Da, we selected several ENB oligomers and homopolymers for Tg 
determination.  
Ten ENB-derived materials were selected for detailed characterization. Four ethylene-
terminated ENB oligomers prepared with the Ni catalyst system with varying Mn (400, 800, 
1,000 and 1,700 Da) were examined. The shortest ethylene-terminated oligomer, Mn 400 Da, is a 
viscous, sticky material, whereas the longest ethylene-terminated material (Mn 1,700 Da) appears 
as a white, powdery solid. The white powder became a transparent, colorless, brittle film upon 
heating to 200 oC and cooling back to 25 oC. Four analogous hexene-terminated materials 
prepared with the Ni catalyst system were also examined (Mn 600, 1000, 1900, and 2500 Da). 
The shortest hexene-terminated oligomer is a tacky paste, whereas the longest hexene-terminated 





cooling. Finally, one hexane-terminated ENB polymer (Mn 20,000 Da) and one ENB 
homopolymer (Mn 25,000 Da) prepared with the (PtBu3)PdMeCl catalyst were examined. Both 
of these materials appear as off-white powders that can be solution-cast out of dichloromethane 
as transparent films. 
Differential Scanning Calorimetry (DSC) was performed on the ten ENB-derived 
materials to determine the Tg of each material. Figure 4.5 shows the relationship between Tg and 
Mn. In the low molecular weight range, increasing the polymer chain length results in an increase 
in the glass transition temperature. The Tg values span a wide range, with the lowest molecular 
weight material (mostly ENB tetramer, Mn 400 Da) having a Tg below room temperature (–18 
oC) and the highest molecular weight polymers (Mn ~ 25,000 Da) having Tg of approximately 
178 oC. The Tg value of the high molecular weight polymer is similar to Tg values reported for 
similar high molecular weight polymers of norbornene derivatives.123,141 The thermal 
measurements correlate with the physical properties of the materials, with the low Tg materials 
appearing as viscous pastes at room temperature and the high Tg materials melting into hard, 








Figure 4.5. The Tg of ENB oligomers increases with increasing chain length.  Ethylene-
terminated oligomers (blue circles), hexene-terminated oligomers (orange circles), and ENB 
homopolymer (grey circles) were (Mn ranging from 400 to 25,000 Da). See Experimental 
Section for details. 
 
To examine the influence of the ethylidene units on the physical properties, 
hydrogenation of one of the oligomeric samples and one of the polymeric samples was carried 
out. Hydrogenation of these ENB-derived materials could (a) provide materials that are more 
robust towards oxidative degradation and (b) modify Tg values through the removal of the 
unsaturated units.  The ENB-derived materials (Mn of either 500 or Mn = 25,000 Da) were each 
dissolved in CH2Cl2, sparged with hydrogen at 0 ºC, and treated with five 1 mM portions of 
[(cod)Ir(PCy3)(py)][PF6] over the course of one hour.153 Both materials were found to be ca. 99% 
hydrogenated on the basis of 1H NMR and 13C{1H} NMR spectroscopy, with almost all olefin 





derived from the ethylidene unit. The Tg of the hydrogenated materials did not differ from their 
unsaturated parent materials (See Experimental Section).  
Conclusions 
A series of Ni and Pd catalyst systems were developed that convert ENB to materials 
ranging in molecular weights from dimers (ca. 270 Da) to higher polymer (>100,000 Da) polymers. 
These reactions proceed in high yields at room temperature in the presence of bulky tertiary 
phosphine co-ligands, with molecular weights controlled by a-olefin chain transfer agents. 
Notably, oligomers ranging in molecular weight 270 – 2,000 Da can be controllably and selectively 
prepared using the catalyst [(mes)Ni(Me-allyl)][BArF4] in the presence of ethylene, where the 
molecular weight of the oligomer is controlled by the relative ratio of ethylene to monomer in 
solution, and the identity of the added phosphine co-ligand (or lack thereof). The present catalyst 
system is noteworthy for offering a convenient method for controlled oligomerization of 
cycloolefins with Mn < 2,000 Da.  
The monomer ENB is much less reactive than norbornene, presumably due to 
unproductive metal coordination by the ethylidene unit poses. By introducing bulky phosphine 
ligands, the present catalyst systems achieved high conversion of ENB with controlled molecular 
weights. ENB-derived materials may be particularly interesting for applications in post-
functionalization. Pd and Ni polymerization catalysts are often deactivated by polar or Lewis 
basic functional groups. The present catalyst systems produce materials with an unsaturated 
ethylidene unit throughout the chains, providing an entry to post-functionalization to introduce a 







All reactions were performed under an inert nitrogen atmosphere, utilizing standard 
vacuum line and glovebox techniques unless otherwise noted. All NMR-scale reactions were 
prepared in a glovebox and monitored in Teflon-sealed NMR tubes. Organic solvents were dried 
and degassed with argon using a Pure Process Technology solvent system and stored over 3 Å 
molecular sieves. Under standard glovebox operating conditions, pentane, diethyl ether, benzene, 
toluene, and tetrahydrofuran were used without purging, so traces of those solvents were present 
in the atmosphere and in the solvent bottles.  
Gel permeation chromatography (GPC) was performed on a Waters 2695 separations 
module liquid chromatograph equipped with either four Waters Styragel HR columns 
(WAT044225, WAT044231, WAT044237, and WAT054460) arranged in series or two Agilent 
Resipore columns (PL1113-6300) maintained at 35 °C. Tetrahydrofuran was used as the mobile 
phase at a flow rate of 1.0 mL/min. Molecular weight and dispersity data are reported relative to 
polystyrene standards. All molecular weight and dispersity data are reported with a normalized 
RI signal. Glass-transition temperatures (Tg) of dried polymer samples were measured using 
differential scanning calorimetry (DSC) on a TA Instruments Discovery DSC. All Tg values were 
obtained from a second heating scan after the thermal history was removed. All heating and 
cooling rates were 10 °C/min. Decomposition onset temperatures (Td) of dried polymer samples 
were measured by thermal gravimetric analysis (TGA) on a TA Instruments Q5000 
Thermogravimetric Analyzer. Polymer samples were heated from ambient temperatures to 500 
°C at a heating rate of 10 °C/min. Values of Td (temperature at 5% weight loss) were obtained 





 High resolution mass spectra were collected on a ThermoScientific Q Exactive HF-X 
with a mass range of 50 to 4,000 Da with an atmospheric-pressure chemical- ionization probe, 
and resolution up to 100,000 at m/z 400 at 1 Hz, >750,000 at m/z 400 at slower scan repetition 
rates. Oligomer samples were analyzed by atmospheric pressure chemical ionization mass 
spectrometry in methylene chloride/methanol mixtures. Oligomer samples with Mn exceeding 
1,000 as determined by GPC could not be successfully ionized and analyzed using this mass 
spectrometry technique.  
1H, 13C{1H}, and 31P{1H} NMR spectra were recorded on 400, 500, or 600 MHz 
spectrometers. NMR characterization data are reported at 25 °C, unless specified otherwise. All 
of the NMR solvents were purchased from Cambridge Isotopes Laboratories. Methylene 
chloride-d2 (CD2Cl2) was freeze− pump−thaw-degassed three times, dried by passage through a 
small column of activated alumina, and stored over 3 Å molecular sieves. 1H chemical shifts are 
reported in parts per million relative to residual protio solvent resonances. Metal complexes 
[(mes)Ni(Me-Allyl)][BArF4], [(mes)Pd(allyl)][PF6], and (PtBu3)PdMeCl were prepared 
according literature procedures.54 NaBArF4 was also prepared according to literature procedure.99 
5-ethylidene-2-norbornene was purchased from Sigma Aldrich and freeze−pump−thaw-degassed 
three times, and stored at -35 oC under nitrogen. All of the other reagents were commercially 
available and used without further purification.  
Conversions were determined by 1H NMR spectroscopy. Samples to determine % 
conversion were prepared by removing a 100 µL aliquot from a reaction prior to quenching. The 
aliquot was then diluted with 400 mL CDCl3, and 10 µL mesitylene was added as an internal 





relative integration of the known concentration of mesitylene against the resonance for the endo 











Procedure for ENB polymerization by [(mes)Pd(allyl)][PF6] and  
[(mes)Pd(allyl)][PF6] + PtBu3 
In a nitrogen glovebox, two septum capped reaction tubes were charged with 
dichloromethane and 5-ethylidene-2-norbornene (151 µL, 1.1 mmol) such that the total volume of 
the tubes would be a total of 4.4 mL each (250 mM ENB). To a separate vial was added 
[(mes)Pd(allyl)][PF6] (4.1 mg, 0.0099 mmol) and dichloromethane (800 µL) . A solution of PtBu3 
in dichloromethane (10 mg, 0.049 mmol in 2 mL) was prepared. To one of the reaction tubes was 
added 178 uL of the PtBu3 solution (0.0044 mmol). To each of the reaction tubes was then added 
400 µL of the [(mes)Pd(allyl)][PF6] solution (0.0044 mmol each). The tubes were capped, and 
allowed to stir outside of the box at room-temperature for two hours. Conversion of monomer was 
determined by removing an aliquot from the reactions prior to quenching, and analyzing by 1H 
NMR spectroscopy with respect to a mesitylene internal standard. The tubes were subsequently 















Table 4.3. GPC characterization of ENB homopolymers obtained using [(mes)Pd(allyl)]+.  
 
 
Figure 4.7. GPC trace overlay of ENB homopolymerizations by [(mes)Pd(allyl)][PF6] alone 











- [(mes)Pd(allyl)]+ 23% 1,100 3,000 2.6 









Procedure for norbornene polymerization by [(mes)Pd(allyl)][PF6]  
In a nitrogen glovebox, a septum-capped reaction tube was charged with norbornene (103 
mg, 1.1 mmol) and 4 mL dichloromethane. To a separate vial was added [(mes)Pd(allyl)][PF6] 
(4.1 mg, 0.0099 mmol) and dichloromethane (800 uL) . To the reaction tube containing norbornene 
was then added 400 uL of the [(mes)Pd(allyl)][PF6] solution (0.0044 mmol). The tube was capped, 
and allowed to stir outside of the box at room temperature for two hours. Precipitation of polymer 
was observed less than five minutes after addition the [(mes)Pd(allyl)][PF6] solution. Conversion 
of monomer was determined by removing an aliquot from the reactions prior to quenching, and 
analyzing by 1H NMR spectroscopy with respect to a mesitylene internal standard. By 1H NMR, 
the reaction went to full conversion. The tube was subsequently quenched with methanol and the 
reaction was dried in vacuo. The isolated white powder product (95 mg, 92% yield) was insoluble 







Reaction of ENB with [(mes)Pd(allyl)][PF6] in the presence of 1 atm C2H4 
In a glovebox, a Schlenk flask was charged with ENB (300 µL, 2.2 mmol) in 
dichloromethane (8.3 mL). The flask was removed from the glovebox and ethylene was bubbled 
through the solution for approximately two minutes. The mixture was allowed to stir at 25 ºC for 
approximately 10 minutes under ethylene flow. Meanwhile, in the glovebox, a septum-capped vial 
was charged with [(mes)Pd(allyl)][PF6] (3.9 mg, 0.0094 mmol) and dichloromethane (200 µL). 
The catalyst solution was added to the ENB solution via syringe under a positive pressure of 
ethylene. The reaction turned from yellow to dark grey within a few minutes, and the reaction was 
allowed to stir at 25 ºC for two hours. An aliquot of the reaction was removed via syringe and the 
conversion of monomer was measured by 1H NMR spectroscopy against an internal mesitylene 
standard, and determined to be 6%. The reaction was subsequently quenched with methanol, dried 
in vacuo, and analyzed by GPC. 
 
Reaction of ENB and [(mes)Pd(allyl)][PF6] with PtBu3 in the presence of 1 atm C2H4 
In a glovebox, a Schlenk flask was charged with 5-ethylidene-2-norbornene (300 µL, 2.2 
mmol) and dichloromethane (8.1 mL). A separate vial was charged with PtBu3 (10.0 mg, 0.049 
mmol) and dichloromethane (2 mL). To the Schlenk flask was added 180 µL of the PtBu3 solution 
(0.0094 mmol). The flask was removed from the glovebox, purged with ethylene on a Schlenk line 
for approximately two minutes, and allow to stir at 25 ºC for 10 minutes under ethylene flow. 
Meanwhile, in the glovebox, a septum-capped vial was charged with [(mes)Pd(allyl)][PF6] (8.0 
mg, 0.019 mmol) and dichloromethane (400 µL). To the Schlenk flask was added 200 µL of the 
catalyst solution (0.0094 mmol) under a positive pressure of ethylene. The reaction turned from 





aliquot of the reaction was removed via syringe and the conversion of monomer was measured by 
1H NMR spectroscopy against an internal mesitylene standard, and determined to be 41%. The 
reaction was subsequently quenched with methanol, dried in vacuo, and analyzed by GPC. 
Table 4.4. GPC characterization of polymer obtained via chain transfer with C2H4 using 










1 atm C2H4 - 
 
6% 500 920 1.8 
1 atm C2H4 1 eq PtBu3 41% 2,200 3,200 1.5 
 
 
Figure 4.8. Overlay of GPC traces of polymer obtained via chain transfer with C2H4 using 





General procedure for PR3 screening in the polymerization of ENB by [(mes)Pd(allyl)][PF6] 
In a nitrogen glovebox, six septum-capped reaction tubes were charged with ENB (151 µL, 
1.1 mmol) and 4 mL dichloromethane. A dichloromethane solution of the appropriate tertiary 
phosphine (PtBu3, PPh3, or PEt3) was added (either 1 mM or 2 mM final phosphine concentration). 
A separate vial was charged with [(mes)Pd(allyl)][PF6] and dichloromethane, and an aliquot of 
this solution was added to the reaction such that the final concentrations were 1 mM catalyst, 250 
mM ENB. The tubes were allowed to stir at 25 ºC for two hours outside of the glovebox. Aliquots 
of the tubes were taken to determine monomer conversion by 1H NMR spectroscopy against a 
mesitylene internal standard. The reactions were quenched with methanol, dried in vacuo, and 


















Table 4.5. GPC characterization of polymer obtained via of homopolymerizations of ENB by 










Figure 4.9. GPC overlay of ENB homopolymers obtained using [(mes)Pd(allyl)]+ and 1 equiv. 
PEt3 (yellow), 1 equiv. PPh3 (green), 1 equiv. PtBu3 (blue), and 2 equiv. PtBu3 (red). 
 





1 eq PtBu3 100% 42,000 55,000 1.3 
2 eq PtBu3 100% 42,000 52,000 1.2 
1 eq PPh3 100% 22,000 59,000 2.7 
2 eq PPh3 0% - - - 
1 eq PEt3 100% 140,000 170,000 1.2 





General procedure for reaction of (PtBu3)PdMeCl/NaBArF4 with ENB 
In a nitrogen glovebox, a septum capped reaction tube was charged with the desired amount 
of ENB and 4 mL dichloromethane. Separately, a scintillation vial was charged with NaBArF4 
(0.018 mmol) and a dichloromethane solution of (PtBu3)PdMeCl (0.018 mmol Pd). An aliquot of 
the catalyst solution was injected into the septum-capped reaction tube by syringe to initiate the 
reaction. At initiation, the 4.4 mL reaction mixture contained 1 mM of the 
(PtBu3)PdMeCl/NaBArF4 catalyst system and ENB varying between 250 mM and 1000 mM. The 
tubes were allowed to stir at 25 ºC for two hours outside of the glovebox, at which point  an aliquot 
(100.0 uL) was removed. The aliquot was diluted with CDCl3, and methanol (10.0 uL) and 
mesitylene (10.0 uL) were added to the aliquot. The monomer conversion was determined by 
integration of remaining ENB resonances relative to a mesitylene internal standard in 1H NMR 
spectra. Methanol (10 mL) was added to the bulk reaction solution to quench and precipitate any 






Table 4.6. GPC characterization of ENB homopolymers obtained using different initial ENB 
concentrations.  
 





250 1 mM 
 
100% 23,000 26,000 1.1 
500 1 mM 
 
100% 46,000 50,000 1.1 
750 1 mM 
 
100% 73,000 77,000 1.1 
1000 1 mM 
 
100% 100,000 108,000 1.1 
 
 
Figure 4.10. GPC overlay of ENB homopolymers produced from different initial ENB 








Figure 4.11. 13C{1H} NMR spectrum of ENB homopolymer (Mn 23,000) from 
(PtBu3)PdMeCl/NaBArF4 system in CDCl3. 
 
 
Figure 4.12. 1H NMR spectrum of ENB homopolymer (Mn 23,000) from 






Time course of ENB homopolymerization by (PtBu3)PdMeCl/NaBArF4 
In a nitrogen glovebox, four septum-capped reaction tubes were charged with ENB (151 
µL, 1.1 mmol) and 4 mL dichloromethane. Separately, a scintillation vial was charged with 
NaBArF4 (16.0 mg, 0.018 mmol) and a dichloromethane solution of (PtBu3)PdMeCl (1.6 mL, 11.3 
mM, 0.018 mmol Pd). To each septum-capped reaction tube, 400 µL of the catalyst solution was 
added by syringe, leading to a final concentration of 1 mM (PtBu3)PdMeCl/NaBArF4 and 250 mM 
ENB in 4.4 mL dichloromethane. The reactions were allowed to stir at 25±1 ºC for 30 seconds, 1 
minute, 5 minutes, and 10 minutes, respectively, before being quenched with methanol (1 mL). 
The monomer conversion was determined by integration of remaining ENB resonances relative to 
a mesitylene internal standard in 1H NMR spectra. The samples were precipitated out of methanol 
and then dried in vacuo. The molecular weights were determined by gas permeation 
chromatography (GPC). The data is consistent with controlled (living) polymerization. 
Table 4.7. GPC characterization of ENB homopolymers obtained at different reaction times. 
 
 Time (mins) Conversion Mn Mw PDI 
0.5 19% 6,400 7,600 1.2 
1 46% 15,000 20,000 1.3 
5 86% 25,000 28,000 1.1 






Figure 4.13. GPC overlay of ENB homopolymers obtained at varying reaction times: yellow 






General procedure for the polymerization of ENB by (PtBu3)PdMeCl/NaBArF4 in the presence of 
1-hexene 
 
In a nitrogen glovebox, four septum-capped reaction tubes were charged with ENB (151 
µL, 1.1 mmol), the desired amount of 1-hexene, and 4 mL dichloromethane. Separately, a vial was 
charged with NaBArF4 (16.0 mg, 0.018 mmol) and a solution of (PtBu3)PdMeCl (1.6 mL, 11.3 
mM, 0.018 mmol Pd). To each septum-capped reaction tube was added 400 µL of the catalyst 
solution by syringe, leading to a final concentration of 1 mM (PtBu3)PdMeCl/NaBArF4, 250 mM 
ENB, and between 30 and 250 mM 1-hexene. The reactions were allowed to stir at room-
temperature for two-hours outside of the glovebox, and were subsequently quenched with 
methanol. Full conversion of monomer was determined by 1H NMR spectroscopy relative to a 
mesitylene internal standard. Quantitative yields of polymer powder were precipitated out of 
















250 1 mM 
 
100% 10,500 15,000 1.4 
~80 1 mM 
 
100% 17,000 21,000 1.3 
50 1 mM 
 
100% 18,100 23,000 1.3 
~30 1 mM 
 




Figure 4.14. GPC overlay of hexene-terminated ENB polymers produced from different initial 





Procedure for determining concentration of ethylene in dichloromethane at 25 oC 
In a nitrogen glovebox, a screw-cap NMR tube was charged with CD2Cl2 (1 mL), 
hexamethylbenzene (14.8 mg, mmol) as an internal standard. Due to the marginal solubility of 
hexamethylbenzene in dichloromethane at that concentration, bis(pentamethyl)cyclopentadienyl 
iron(II) (11.9 mg, 0.0733 mmol) was also added as an internal standard and was fully soluble. 
Ethylene was then purged through the solution in the tube for approximately two minutes, and a 
1H NMR spectrum was acquired. The final volume of the solution was approximately 800 uL 
after sparging with ethylene, making the final concentration of bis(pentamethyl)cyclopentadienyl 
iron (II) approximately 90 mM. The concentration of ethylene in solution, at 25 oC, was 
measured to be 220 mM. 
 
 





Reaction of ENB with (PtBu3)PdMeCl/NaBArF4 in the presence of 1 atm C2H4 
In a nitrogen glovebox, a Schlenk flask was charged with ENB (605 µL, 4.5 mmol) and 
dichloromethane (16.6 mL) before ethylene was purged through the solution for approximately 
two minutes. The flask was allowed to stir at room temperature under 1 atm ethylene for 
approximately fifteen minutes. Meanwhile, in the glovebox, a septum-capped glass vial was 
charged with NaBArF4 (17.3 mg, 0.021 mmol) and a solution of (PtBu3)PdMeCl (6.5 mg, 0.018 
mmol) in dichloromethane (400 uL). All 400 µL of the catalyst solution was added to the stirring 
ENB solution under a positive pressure of ethylene via syringe. The reaction mixture quickly 
changed color from yellow to dark grey. After stirring for two hours at 25 ºC under 1 atm ethylene, 
a 100 µL aliquot of the reaction was obtained to determine conversion of monomer via 1H NMR 
spectroscopy with respect to an internal mesitylene standard. The monomer was determined to be 
28% converted relative to a mesitylene internal standard by 1H NMR spectroscopy. The reaction 
solution was quenched with methanol (10 mL) immediately after removing the aliquot to 
determine conversion, and white polymer was precipitated out of methanol and was dried in vacuo 























The addition of C2H4 to (PtBu3)PdMeCl/NaBArF4 in CD2Cl2 
A Teflon-sealed NMR tube was charged with (PtBu3)PdMeCl (4.1 mg, 0.011 mmol) and 
NaBArF4 (10.8 mg, 0.012 mmol) in approximately 500 µL CD2Cl2. The tube was quickly 
attached to a Schlenk-line via its Teflon cap, and was quickly charged with ethylene after 
evacuating the headspace of the cap to remove oxygen. The yellow solution immediately turned 
dark brown upon the addition of ethylene. A 1H NMR spectrum was taken approximately 15 



















General procedure for ENB homopolymerization catalyzed by [(mes)Ni(Me-Allyl)][BArF4] 
In a nitrogen glovebox, four septum-capped reaction tubes were charged with the desired 
amount of ENB and 4 mL dichloromethane. A separate vial was charged with [(mes)Ni(Me-
allyl)][BArF4] (20.9 mg, 0.019 mmol, in 1.6 mL DCM ) was added. The vial was quickly swirled, 
and 400 uL of the corresponding solution was added to each septum-capped reaction tube such 
that they each contained 1 mM of the [(mes)Ni(Me-allyl)][BArF4] catalyst solution and ENB 
concentrations ranging 250 mM and 1000 mM. The tubes were allowed to stir at room-temperature 
for two-hours outside of the glovebox, and were subsequently quenched with methanol. The 










Figure 4.19. GPC overlay of ENB homopolymers obtained using [(mes)Ni(Me-Allyl)]+.  
 
Table 4.9. GPC characterization of ENB homopolymers obtained using [(mes)Ni(Me-Allyl)]+.  
  





250 mM 10% 2,200 3,200 1.43 
500 mM 15% 3,700 6,300 1.68 
750 mM 19% 2,900 7,200 2.48 





Procedure for norbornene polymerization by [(mes)Ni(Me-allyl)][BArF4]  
In a nitrogen glovebox, a septum capped reaction tube was charged with norbornene (108 
mg, 1.1 mmol) and 4 mL dichloromethane. To a separate vial was added [(mes)Ni(allyl)][BArF4] 
(10.0 mg, 0.0099 mmol) and dichloromethane (800 µL) . To the reaction tube containing 
norbornene was then added 400 uL of the [(mes)Ni(allyl)][BArF4] solution (0.0044 mmol). The 
tube was capped, and allowed to stir outside of the box at room-temperature for two hours. 
Precipitation of polymer was observed less than five minutes after addition of the 
[(mes)Ni(allyl)][BArF4] solution. Conversion of monomer was determined by removing an aliquot 
from the reactions prior to quenching, and analyzing by 1H NMR spectroscopy with respect to a 
mesitylene internal standard. By 1H NMR analysis, the reaction went to full conversion. The tube 
was subsequently quenched with methanol and the reaction was dried in vacuo. The isolated white 
powder product (98 mg, 90% yield) was insoluble in toluene, pentane, THF, and chlorinated 






General procedure for PR3 Screening in the polymerization of ENB by [(mes)Ni(Me-
allyl)][BArF4] 
 
In a nitrogen glovebox, six septum-capped reaction tubes were charged with ENB (151 
µL, 1.1 mmol) and 4 mL dichloromethane. To the tubes was added a solution of phosphine in 
dichloromethane, PtBu3, PPh3, and PEt3, respectively, such that the final concentration of 
phosphine in each tube would be either 1 mM or 2 mM, respectively. A separate vial was 
charged with [(mes)Ni(Me-allyl)][BArF4] (28.8 mg, 0.026 mmol) and dichloromethane (2.4 mL). 
To each tube was added 400 µL of the Ni solution such that the concentration of Ni in each tube 
was 1 mM and the ENB concentration was 250 mM. The tubes were allowed to stir at room-
temperature for two-hours outside of the glovebox. Aliquots of the tubes were taken to determine 
monomer conversion by 1H NMR spectroscopy against a mesitylene internal standard. The 














Table 4.10. GPC characterization of ENB homopolymers obtained using [(mes)Ni(Me-allyl)]+ 













Figure 4.20. GPC overlay of ENB homopolymers obtained using [(mes)Ni(Me-Allyl)]+ and PR3: 
blue (1 equiv. PtBu3), red (2 equiv. PtBu3), green (1 equiv. PPh3), yellow (1 equiv. PEt3).  







10% 2,200 3,200 1.4 
1 eq PtBu3 61% 1,100 2,000 1.7 
2 eq PtBu3 52% 1,200 2,100 1.9 
1 eq PPh3 55% 7,400 11,000 1.5 










1 eq PEt3 56% 4,900 6,800 1.4 






Procedure for the reaction of ENB with [(mes)Ni(Me-allyl)][BArF4] in the presence of 1-hexene 
In a nitrogen glovebox, four septum capped reaction tubes were charged with ENB (151 
µL, 1.1 mmol) and 4 mL dichloromethane. To the tubes was added 1-hexene, such that the tubes 
were of increasing [1-hexene] (250 mM, 80 mM, 50 mM, and 30 mM, respectively). A separate 
vial was charged with [(mes)Ni(Me-allyl)][BArF4] (20.8 mg, 0.019 mmol) and dichloromethane 
(2.4 mL). To each tube was added 400 uL of the Ni solution such that the concentration of Ni in 
each tube was 1 mM and the concentration of ENB was 250 mM. The tubes were allowed to stir 
at room-temperature for two-hours outside of the glovebox. Aliquots of the tubes were taken to 
determine monomer conversion by 1H NMR spectroscopy against a mesitylene internal standard. 

















250 mM 2 hrs 50% 870 1800 2.1 
~80 mM 2 hrs 55% 1515 2300 1.5 
50 mM 2 hrs 50% 1900 2600 1.3 




Figure 4.21. GPC overlay of ENB oligomers obtained via chain transfer with varying 
concentrations of 1-hexene using [(mes)Ni(Me-Allyl)]+: blue (250 mM), red (80 mM), green (50 







Figure 4.22. 13C{1H} NMR spectrum of polymer obtained via chain transfer with 1-hexene by 
cationic allyl Ni in CDCl3. 
 
 
Figure 4.23. 1H NMR spectrum of polymer obtained via chain transfer with 1-hexene by cationic 
allyl Ni in CDCl3.           







Procedure for the polymerization of ENB by [(mes)Ni(Me-allyl)][BArF4] + PPh3 in the presence 
of 1-hexene 
 
In a nitrogen glovebox, four septum-capped reaction tubes were charged with ENB (151 
uL, 1.1 mmol) and 4 mL dichloromethane. To the tubes was added 1-hexene, such that the tubes 
were of increasing [1-hexene] (250 mM, 80 mM, 50 mM, and 30 mM, respectively). A separate 
vial was charged with PPh3 (13.0 mg, 0.050 mmol) in dichloromethane (2.6 mL). To each reaction 
tube was added 234 uL of the PPh3 solution. A separate vial was charged with [(mes)Ni(Me-
allyl)][BArF4] (19.6 mg, 0.018 mmol) and dichloromethane (2.4 mL). To each tube was added 400 
uL of the Ni solution such that the concentration of Ni and PPh3 in each tube was 1 mM and the 
concentration of ENB was 250 mM. The tubes were allowed to stir at room-temperature for two-
hours outside of the glovebox. Aliquots of the tubes were taken to determine monomer conversion 
by 1H NMR spectroscopy against a mesitylene internal standard. The reactions were quenched 










additive Time Conversion Mn Mw PDI 
250 mM 1 eq PPh3 2 hrs 73% 270 370 1.4 
~80 mM 1 eq PPh3 2 hrs 68% 460 670 1.5 
50 mM 1 eq PPh3 2 hrs 60% 660 990 1.5 
~30 mM 1 eq PPh3 2 hrs 78% 750 1200 1.6 
 
 
Figure 4.24. GPC overlay of ENB oligomers obtained via chain transfer with varying initial 
concentrations of 1-hexene using [(mes)Ni(Me-allyl)]+ and PPh3: blue (250 mM), red (80 mM), 












AS-4-63A_20180614155810 #1-100 RT: 0.01-1.30 AV: 100 SB: 2 1.30 , 1.30 NL: 4.98E7
T: FTMS + p APCI corona Full ms [150.0000-2000.0000]

















































63B_20180614143922 #2-100 RT: 0.03-1.30 AV: 99 SB: 2 1.30 , 1.30 NL: 3.59E7
T: FTMS + p APCI corona Full ms [200.0000-1500.0000]


















































AS-4-63C_20180614160928 #1-99 RT: 0.01-1.28 AV: 99 SB: 2 1.30 , 1.30 NL: 6.94E7
T: FTMS + p APCI corona Full ms [150.0000-2000.0000]
















































Figure 4.28. Mass spectrum of 1-hexene terminated ENB oligomer (Mn 750 Da by GPC).  
 
 
63D #100 RT: 1.30 AV: 1 SB: 2 1.30 , 1.30 NL: 6.81E3
T: FTMS + p APCI corona Full ms [200.0000-1500.0000]
















































Figure 4.29. 1H NMR spectrum of 1-hexene terminated ENB oligomer with an Mn of 660 Da in 
CDCl3. 
 
Figure 4.30. 13C{1H} NMR spectrum of 1-hexene terminated ENB oligomer with an Mn of 660 








General procedure for the reaction of ENB with [(mes)Ni(Me-allyl)][BArF4] in the presence of 1 
atm C2H4 
 
In a glovebox, a Schlenk flask was charged with 5-ethylidene-2-norbornene in 
dichloromethane. In a separate septum-capped vial, a solution of [(mes)Ni(Me-allyl)][BArF4] in 
dichloromethane was prepared. The Schlenk flask was purged with ethylene on a Schlenk line for 
approximately two minutes, and was allowed to stir under ethylene flow for approximately ten 
minutes at room temperature. The Schlenk flask was then charged with the Ni catalyst solution via 
syringe under a positive pressure of ethylene. The reaction was allowed to stir at room temperature 
under ethylene for two hours, at which point an aliquot from the reaction was removed to determine 
the monomer conversion via 1H NMR spectroscopy against an internal mesitylene standard. The 
reaction was then quenched with methanol and pumped to dryness in vacuo. Product was analyzed 





Table 4.13. GPC characterization of ethylene-terminated ENB oligomers (Mn 740-930 Da).  
 
 
Figure 4.31. GPC trace overlay of ENB oligomer obtained via chain transfer by C2H4 using 









- 1 mM 
 
250 mM 10% 2200 3200 1.4 
1 atm C2H4 1 mM 
 
250 mM 100% 890 1600 1.8 
1 atm C2H4 1 mM 
 
250 mM 100% 930 1500 1.7 
1 atm C2H4 1 mM 
 
125 mM 100% 740 1200 1.6 
1 atm C2H4 0.5 mM 
 






Figure 4.32. 1H NMR of ethylene-terminated ENB oligomer (Mn 890 Da) in CDCl3.  
 
 







Figure 4.34. Mass spectrum of Mn 890 Da ethylene-terminated ENB oligomer.  
  
  
AS-4-122 #2-100 RT: 0.03-1.30 AV: 99 NL: 6.94E8
T: FTMS + p APCI corona Full ms [150.0000-2000.0000]
























































Procedure for the polymerization of norbornene by [(mes)Ni(Me-allyl)][BArF4] in the presence 
of 1 atm C2H4 
 
In a glovebox, a Schlenk flask was charged with norbornene (105 mg, 1.1 mmol) in 
dichloromethane. In a separate septum-capped vial, a solution of [(mes)Ni(Me-allyl)][BArF4] (10.0 
mg, 0.0099 mmol) in dichloromethane (800 µL) was prepared. The Schlenk flask was purged with 
ethylene on a Schlenk line for approximately two minutes, and was allowed to stir under ethylene 
flow for approximately ten minutes at room temperature. The Schlenk flask was then charged with 
the Ni catalyst solution (400 µL) via syringe under a positive pressure of ethylene. The reaction 
was allowed to stir at room temperature under ethylene for two hours, at which point an aliquot 
from the reaction was removed to determine the monomer conversion via 1H NMR spectroscopy 
against an internal mesitylene standard. The reaction was then quenched with methanol and 
pumped to dryness in vacuo. The monomer was determined to have been fully consumed in the 
reaction by 1H NMR spectroscopy. The product was analyzed by GPC (Mn 2,040 Da, Mw 5,000 






General procedure for the polymerization of ENB by [(mes)Ni(Me-allyl)][BArF4] + PR3 in the 
presence of 1 atm C2H4 
 
In a glovebox, a Schlenk flask was charged with 5-ethylidene-2-norbornene in 
dichloromethane and PR3, such that the total concentration of PR3 in solution was 1 mM. In a 
separate septum-capped vial, a solution of [(mes)Ni(Me-allyl)][BArF4] in dichloromethane was 
prepared. The Schlenk flask was purged with ethylene on a Schlenk line for approximately two 
minutes, and was allowed to stir under ethylene flow for approximately ten minutes at room 
temperature. The Schlenk flask was then charged with the Ni catalyst solution via syringe under a 
positive pressure of ethylene. The reaction was allowed to stir at room temperature under ethylene 
for two hours, at which point an aliquot from the reaction was removed to determine the monomer 
conversion via 1H NMR spectroscopy against an internal mesitylene standard. The reaction was 
then quenched with methanol and pumped to dryness in vacuo. Product was analyzed by NMR 
























Figure 4.37. Mass spectrum of ethylene-terminated ENB oligomer using [(mes)Ni(Me-allyl)]+ 
and PEt3.  
AS-4-70A #1-100 RT: 0.01-1.30 AV: 100 SB: 2 1.30 , 1.30 NL: 1.81E7
T: FTMS + p APCI corona Full ms [150.0000-1500.0000]











































Polymerization of ENB at 200 psi C2H4 by [(mes)Ni(Me-allyl)][BArF4]  
In a glovebox, a 300 mL Parr reactor was charged with a solution of 5-ethylidene-2-
norbornene in dichloromethane (250 mM, 28.5 mL). The reactor was removed from the glovebox, 
and charged with ethylene (200 psi) and vented twice. A solution of [(mes)Ni(Me-allyl)][BArF4] 
in dichloromethane, (35.0 mg, 0.032 mmol) was quickly added to the Parr reactor at atmospheric 
pressure through an addition port, such that the total concentration of Ni would be 1 mM, and the 
port was quickly closed. The reactor was quickly charged with 200 psi ethylene, vented, and 
charged again with 200 psi ethylene (total time from addition of catalyst did not exceed five 
minutes). The reaction equilibrated to 100 psi, and was allowed to stir at room temperature for two 
hours. The reaction was vented, an aliquot was removed and analyzed by 1H NMR spectroscopy 
to determine monomer conversion against and internal mesitylene standard, and the reaction was 













Figure 4.39. 13C{1H} NMR spectrum of ENB oligomer obtained using [(mes)Ni(Me-Allyl)]+ at 









Figure 4.40. Mass spectrum of ENB oligomer obtained using [(mes)Ni(Me-Allyl)]+ at 200 psi 
C2H4.  
  
AS-4-104_20180814125835 #1-100 RT: 0.01-1.30 AV: 100 NL: 1.26E9
T: FTMS + p APCI corona Full ms [150.0000-1500.0000]












































General procedure for the hydrogenation of ENB polymers and oligomers 
The procedure was adapted from a protocol for the hydrogenation of bulky olefins.153  In 
a nitrogen glovebox, a Schlenk flask was charged with ENB-derived material and anhydrous 
dichloromethane (resulting oligomer or polymer concentration of 500 mM) and the solution was 
bubbled with hydrogen at 0 oC for approximately two minutes. After allowing the mixture to stir 
under hydrogen for approximately ten minutes at 0 oC, a solution of [(cod)Ir(PCy3)(py)][PF6] (1 
mol% relative to polymer) was added in five equal portions over one hour at 0 oC, such that the 
final concentration of Ir in solution was 5 mM. After the final catalyst addition, the reaction was 
allowed to warm up slowly to room temperature over one hour, at which point the reaction was 
quenched with methanol (2 mL). The reaction was dried in vacuo and analyzed by 1H NMR and 
13C{1H} NMR spectroscopy, as well as GPC. It was determined that >90% hydrogenation of 









Figure 4.41. 1H NMR spectrum of hydrogenated ENB oligomer (Mn 400 Da). 
 
 






Figure 4.43. ENB homopolymer (Mn 25,000 Da) before (bottom) and after (top) hydrogenation. 
 
 






Modified work-up for DSC measurements 
Once the reaction was quenched with methanol, it was immediately filtered through a silica 
plug and dried in vacuo. The product was then dissolved in pentane, filtered through a short silica 
plug to remove any residual catalyst, and dried in vacuo. All DSC measurements were taken after 
determining TD by TGA. First heat traces are reported in blue, second heat traces in red, and the 
cooling cycle in green. 
 
 






Figure 4.46. DSC trace to determine Tg of ethylene-terminated ENB oligomer (Mn 1,700 Da). 
 






Figure 4.48. DSC trace to determine Tg of ethylene-terminated ENB oligomer (Mn 800 Da). 
 






Figure 4.50. DSC trace to determine Tg of hexene-terminated ENB oligomer (Mn 2,500 Da). 
 






Figure 4.52. DSC trace to determine Tg of hexene-terminated ENB oligomer (Mn 1,070 Da). 
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